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Abstract 

Micron-sized d u s t  grains were identified by their  1 ight scattering 

c h a r a c t e r i s t i c s  i n  most r ings of t h e  outer  p l a n e t s ,  A mult i tude of i n t e r a c t i o n s  

between t h e  magnetospheric particles, 

proposed. We review the major effects and indicate the pertinent ob- 

servations. Energetic particle absorption signatures observed by Pioneer 

11  Voyager 1 and 2 trace the  mass concentrations o f  particulates in 

Jupiter's and Saturn's magnetospheres. Particulates which are immersed i n  

the magnetospheric plasma and exposed t o  solar UV radiation will charge up  

to  a surface potential which depends on the density and energy Ee of the 

plasma as well as on the concentration nd of the dust particles. An iso- 

f ie lds  and dust grains has been 

lated dust grain ( n d  < AD-3y  AD = Debye length, typically 10 2 4  -10 cm) be- 

comes negatively charged i f  the plasma electron flux exceeds the photo-  

electron flux (% 2.5 x 10'or-2cm-2s-1 , a t  the distance r i n  a.u.  from 
the s u n )  from i t s  surface. Its surface potential will reach Vo % e Ee 

( e  = electronic charge). A t  high d u s t  concentrations ( n d  > AD-3) the 

charge on the dust grains will be significantly reduced. Kinetic effects 

of charged dust particles arise from the interaction with the planetary 

magnetic f ie ld .  Radial d r i f t  of d u s t  particles i s  induced by systematic 

and stochastic charge variation and by the plasma drag. Sputtering and 

mutual collisions affect  the sizes of grains. Electromagnetic effects 

are discussed which lead to  the halo of Jupiter's r i n g ,  the dust d i s t r i -  

bu t ion  i n  Sa tu rn ' s  E-ring and to levitated d u s t  i n  the B-ring (spokes) 

as well as  on the moon. 

i 
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I. I n t r o d u c t i o n  

Recent space probe measurements detected h i g h  dust  concentrat ions i n  

the  magnetosphere of J u p i t e r  and Saturn. Voyager 1 discovered t h e  Jovian 

r i n g  (Smith e t  a l . ,  1979, see a l s o  Burns e t  a l . ,  1982) a f t e r  i t  had been 

suspected by Pioneer 11 data ana lys i s  ( F i l l i u s ,  1976, Acuna and Ness, 1976). 

A t  Saturn P i o n e e r ' l l ,  Voyager 1 and 2 d i sc losed  a number o f  dus t  phenomena 

(cf.  Cuzzi e t  a l .  1982). Some o f  them a r e  obv ious ly  c o r r e l a t e d  w i t h  magneto- 

sphere c h a r a c t e r i s t i c s ,  e.g. t h e  spoke phenomena i n  Saturn's B r i n g  showed 

a p e r i o d i c i t y  w i t h  Saturn's r o t a t i o n  pe r iod  (Porco and Danielson, 1982) which 

i n d i c a t e s  a coup l i ng  of spoke a c t i v i t y  t o  the  p lane ta ry  magnetic f i e ld . .  

Most dus t  observat ions were made i n  t h e  i n n e r  magnetospheres where 

t h e  magnetic f i e l d s  and a l s o  t h e  plasma d e n s i t i e s  a re  r e l a t i v e l y  h igh.  Ab- 

s o r p t i o n  ef fects o f  magnetospheric charged p a r t i c l e  populat ions by ma te r ia l  

concentrat ions i n  Saturn 's  r i n g  system were immediately ev iden t  i n  t h e  ob- 

servat ions (Simpson e t  a l . ,  1980, Vogt e t  a l . ,  1981). E f f e c t s  o f  t he  magneto- 

spher ic  p a r t i c l e s  and f i e l d s  on the  dust  g ra ins  a re  more s u b t l e  and gene- 

r a l l y  n o t  easy t o  observe d i r e c t l y .  

Dust-magnetosphere i n t e r a c t i o n s  have been s tud ied  Since t h e  f i r s t  

measurements of p a r t i c u l a t e s  i n  the  Ear th ' s  v i c i n i t y  became a v a i l a b l e .  

Several i n v e s t i g a t o r s  s tud ied t h e  magnetospheric 

cen t ra t i ons  i n  t h e  E a r t h ' s  nei-rhd (Upik 1956, Bel ton,  1966, 

ef fects on dus t  con- 

Shapiro e t  a1 . , 1966). These e t r e c t s  cou ld  n o t  be v e r i f i e d  by measurements 

because o f  t h e  low dus t  concentrat ion near t h e  Earth. 

Lunar observat ions both by remote sensing and i n  s i t u  experiments showed 

e f f e c t s  o f  e l e c t r o s t a t i c a l l y  l e v i t a t e d  dus t  (Rennilson and C r i s w e l l  , 1974, 

Severny e t  a1 . , 1974 , Berg e t  a1  . , , 1976). Recent s a t e l l i t e  measurements 
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(Fechtig e t  a l . ,  1979) indicated that electrostatic disruption of large 

fluffy meteoroids occurs in the auroral zones of the Earth's magnetosphere. I 

I n  the Jovian system Mendis and Axford (1974) proposed t h a t  d u s t  

magnetosphere interactions are responsible f o r  the albedo variations o f  the 

Galilean satel l i tes .  From a l l  these studies i t  became quite clear t h a t  

only f o r  micron-siz2d' grains do the  electromagnetic forces become important 

compared t o  the gravitational force. 

Indeed, largely from observation of the relative strengths of 

forward and back-scattered l igh t ,  i t  has become clear t h a t  such small 

(micron and sub-micron sized) grains dominate the populations of certain 

regions of the known planetary ring systems. These regions iiiclude the extended 

E-ring and the t h i n  F- and G-rings of S a t u r n  

well as the extended ethereal r i n g  of Jupiter (cf.  Burns e t  a l . ,  1982) 

with i t s  contiguousthin inner disk and i t s  inner lenticular halo. Also, 

the ''near radial" spokes t h a t  are seen t o  rotate across the dense B-ring 

of S a t u r n  and  which seem to be elevated above the ring plane, are appa- 

rently composed of such small grains.  Since these discoveries the number 

of scientists interested in the subject of dust-magnetosphere interactions 

i s  rapidly increasing. 

[cf.  Cuzzi e t  a l .  1982), as 

_ _  

A variety of different effects has t o  be considered i f  one studies 

dust-magnetosphere interactions. Plasma and energetic particles are absorbed 

by the particulates. Neutral atoms, molecules, ions and  electrons are 

i emitted upon the impact of energetic i o n s  and by mutua l  collisions among 

the dust particles. Simultaneously the dust grains are eroded. Dust par -  

t ic les  are charged by electron and ion capture from the plasma a s  well as 

by the photoelectric effect from the solar UV radiation. Electrostatic 

disruption of individual grains as well a s  mutual repulsion and levitation may 

occur. Momentum exchange with the plasma exerts a d rag  on the grains which 

causes a radial d r i f t  towards or away from the planet. Interaction of charged 
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th the planetary grav ta t ional  and magnetic f ie lds  

(gravi to-electrodynamics) becomes an important factor i n  the dynamics 

o f  highly charged small dust particles. For the description of r ad ia t ion  

pressure effects we refer t o  the paper by Mignard (1982). Stochastic fluc- 

tuations of the charge s t a t e  of grains causes a diffusion of small dust 

particles th roughou t  the magnetosphere. 

This a r t ic le  i s  intended to  give an overview over the f ie ld  of dust 

magnetosphere interactions and t o  show the areas o f  current research. I n  

the second section we describe the environment the dust g r a i n s  are ex- 

posed to:  the magnetospheric particles and f ields.  In the following sections 

we discuss the physical processes (111) and kinetic effects (IV) of d u s t -  

magnetosphere interactions and i n  the l a s t  ( V )  section we discuss relevant 

observations i n  t h e  magnetospheres of the Earth,  Jupiter and Saturn and 

indicate the status of their interpretations. 
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* 11. C h a r a c t e r i s t i c  of J u p i t e r ' s  and Sa tu rn ' s  megnetospheres. /* 

W i t h i n  a magnetosphere t h e  magnetic f i e l d  i s  c o n t r o l l e d  by the  

f i e l d  i nhe ren t  i n  the  p lanet .  Close t o  the  p l a n e t  t he  magnetic f i e l d s  

o f  J u p i t e r  and Saturn can be approximated by a centered d i p o l e  ( t h i s  

neg lec ts  h ighe r  m u l t i p o l e  moments which a r e  genera l l y  small ,  c f .  

Connerney e t  al. ,  1982). The equator ia l  magnetic f i e l d  s t reng th  i s  then 

expressed by 

-3 B = B0.L . 

where L i s  t h e  magnetic s h e l l  parameter which corresponds ( in the mag- 

n e t i c  equa to r ia l  p1ane)to the  distance from t h e  cen te r  o f  t he  p lane t  i n  

u n i t s  o f  t he  p lane ta ry  rad ius  R (w i th  index J f o r  J u p i t e r  and S f o r  
9 9 

Saturn).  The equa to r ia l  r a d i i  are RJ = 7 .14~10  cm and RS = 6 .03~10 cm. 

Spaceprobe measurements y i e l d e d  values of BoJ = 4.2 gauss (Smith e t  a l . ,  

1974, Acuna and Ness, 1976), f o r  J u p i t e r  and Bos = 0.20 gauss (Smith e t  a l .  

1980, Acuna and Ness, 1980). The same measurements showed t h a t  J u p i t e r ' s  

magnetic d i p o l e  a x i s  i s  t i l t e d  by 10" w i t h  respect  t o  t h e  p lanetary  r o t a -  

t i o n  a x i s  w i t h  a l ong i tude  o f  the magnetic po le  i n  the  nor thern 

hemisphere o f  230". Saturn 's  d i p o l e  axis i s  w i t h i n  1 "  p a r a l l e l  t o  the  

r o t a t i o n  ax i s .  Both d i p o l e  f i e l d s  have t h e i r  magnetic n o r t h  po le  i n  the  

no r the rn  hemispheres o f  t h e  p lane ts  and hence t h e i r  p o l a r i t i e s  a re  OPPO- 

s i t e  t o  t h a t  o f  the E a r t h ' s  magnetic f i e l d .  

The i n n e r  p a r t  o f  t h e  magnetosphere o u t  t o  about 10 p lanetary  r a d i i  

( t h e  exact  d is tance v a r i e s  from planet t o  p lane t )  where t h e  magnetic f i e l d  

i s  s t i l l  d i p o l a r  i s  c a l l e d  the  plasmasphere. I t  conta ins plasma which r i g i d -  

l y  r o t a t e s  w i t h  the  p l a n e t  a t  a speed 

( 2 )  u ( r )  = fir 

where r i s  t h e  d is tance from t h e  r o t a t i o n  a x i s  and R i s  t he  rotations angu- 

l a r  v e l o c i t y  . The values a re  nJ = 1 . 7 5 8 5 ~ 1 0 - ~  rad ians s - l  f o r  J u p i t e r  

and 1 . 6 3 7 8 ~ 1 0 - ~  radians s - l  f o r  Saturn. The d i s tance  a t  which t h e  angular 

v e l o c i t y  o f  t he  p lane t  equals t h e  c i r c u l a r  Kepler ian o r b i t a l  mot ion (syn- 

chronous o r b i t )  
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where p = GM with G = gravitational constant and M = mass o f  the planet 

= 3 . 8 0 ~ 1 0 ~ ~  cm3s-') i s  commonly referred 3 -2 = 1 . 2 5 ~ 1 0 ~ ~  cm s and (PJ 
t o  as the co-rotation distance rco. This distance i s  rco 

(2.22 R j )  a t  Jupiter and rco 

= I .  59x1 01Ocm 
10 = 1 . 1 2 ~ 1 0  cm (1.86 Rs) a t  Sa tu rn .  

Inside the plasmasphere t h e  plasma density n increases towards the 
2 planet from abou t  1 electron 

electron energy E, decreases from about  100 eV t o  10 eV ( F r a n k  e t  al .  1976, Bridge 

a t  L = 10 t o  about 10 a t  L = 3 and the 

e t  a1 . 1979 and 1981 ) . Beside this general trend there are some important local 

deviations (see F i g .  1 ) .  Particularly high plasma density of n 'L 3000 

i s  found i n  the I o  plasma torus (Bagenal and Sullivan, 1981, Scudder e t  a l .  

1981). Especially low values ( n  

and Morfill (1982) for the region above and below Saturn's 

The composition of the ions i n  Jupiter's plasmasphere i s  mainly 

and sulfur S or some combination o f  b o t h  ions (Frank  e t  a l .  1976, Bridge 

e t  a l .  1979) and i n  Saturn's plasmasphere oxygen 0' has been identified 

(Bridge e t  a l .  1981, 1982). 

lo-' have been estimated by Goertz 

A and B rings. 

oxygen O+ 
2+ 

Outside the plasmasphere the magnetic dipole field i s  distorted by 

r i n g  currents carried by the plasma. The densities are low lo-' cm-3 n 

s 1 b u t  the energies may be well above 1keV (Bridge e t  a l .  1979, 

and 1981). 

Beside this low energy plasma a second b u t  dist inctly different 

charged particle population also occupies the inner p a r t  of the magneto- 

sphere. This i s  the high energy (MeV) particle population of the radiation 

belts. The fluxes may reach 10 cm 

intensit ies (Fi l l ius ,  1976, Fillius e t  al .  1980). 

7 -2 s-' i n  the regions of highest 

From the plasma density and the electron energy E other important e 
parameters like the Debye length A D  (shielding length i n  the plasma) 
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o r  

and the  e l e c t r o n  f l u x  

(p = n  (5) 

can be der ived, where t h e  e l e c t r o n  dens i t y  i s  ne ,  e i s  t h e  e l e c t r o n i c  

charge and me i s  t he  e l e c t r o n  mass. These q u a n t i t i e s  a re  a l s o  shown i n  

Fig.  1. The Debye l e n g t h  var ies from 10 t o  10 cm i n  the  i n n e r  magneto- 

-2 - 1  sphere and t h e  e l e c t r o n  f l u x  ranges f r o m  lo6 t o  10l1 cm s 

2 4 

. 
For comparison we a l s o  show the 

from a metal sur face which i s  i l l u m i n a t e d  by t h e  sun a t  t h e  

d is tance o f  J u p i t e r  (5.2 AU) and Saturn (9.5 AU). The f l u x  o f  photoelec- 

t r o n s  f rom such a sur face a t  t he  Ear th 's  d is tance (1 AU) i s  2.5810 cm s 

(Wyatt 1969). This  number i s  based on the s o l a r  UV f l u x  measurement by 

Hinteregger (1964) and on measurements o f  t h e  wavelength dependent photo- 

y i e l d .  Feuerbacher and F i t t o n  (1972) extended t h i s  work t o  o the r  m a t e r i a l s  

i n c l u d i n g  non-conducting m a t e r i a l s  l i k e  s i l i c a  and indium oxide and carbona- 

ceous m a t e r i a l s  l i k e  Aquadag, v i t r e o u s  carbon and graphi te .  Graphi te showed 

t h e  lowest  y i e l d ,  approximately one order o f  magnitude lower than t h e  

p h o t o y i e l d  o f  metals. The y i e l d s  o f  indium ox ide  and s i l i c a  were in terme-.  

f l u x  o f  photoelect rons released 

10 -2 

d i a t e .  Therefore the  pho toe lec t ron i c  f l ux  f rom n a t u r a l  d i e l e c t r i c s  l i k e  

i ces  and stones may be somewhat' lower  than t h a t  f rom metals. The comparison 

o f  t he  f l u x e s  shows t h a t  i n  t h e  i n n e r  plasmaspheres o f  J u p i t e r  and Saturn 

I 

i 
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the  plasmaelectron f l u x  exceeds t h e  photoe lec t ron  f l u x  by f a r  except i n  

the  reg ions o f  t h e  A and B r ings  of Saturn. 
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111. Physical Processes 

111.1 Energetic particle and plasma absorption 

Both cold (eV) plasma and energetic (MeV) particles coexist in 

inner magnetospheres. The energetic particle population which consists 

mainly of electrons and protons i s  trapped by the planetary magnetic 

field.  There i s  a hierarchy of motion represented by the time scales i n -  

volved (the times shown are valid for 1 MeV protons in Jupiter 's  and 

Saturn's magnetospheres, respectively, a t  L = 3) of a trapped particle 

in a magnetic dipole field:  1. gyration about i t s  guiding field l ine 

(2xlO-%,SxlO-$), 2. the bounce motion (33s, 28s) due t o  mirroring 

i n  the stronger magnetic f ie ld  regions closer t o  the poles of the 

planet and 3. a longitudinal d r i f t  motion (2x10 6 s ,  6x10 4 5) .  

B o t h  spatial and temporal inhomogeneities in the magnetic and the 

related electr ic  fields which are comparable t o  the gyroradius o r  gyroperiod 

will introduce non-adiabatic particle orbits which in consequence will cause 

a radial diffusion of the trapped particles (cf. 

Fig. 2 (curve a )  shows the distribution of the phase space density of ener- 

Schulz and Lanzerotti, 1974). 

getic particles as a function of the magnetic shell parameter L .  The phase 

space has been specified a t  an outer boundary ( L  ) and i s  assumed t o  be zero 

a t  an inner boundary ( L o ) .  Between these boundaries no local sources or  

sinks have been assumed. The phase space density declines monotonically as 

L decreases from L4 inward and exhibits no maxima o r  minima. 

4 

I f  there i s  a partially absorbing ring of particulates in t h a t  region 

of space then the number of charged particles i s  reduced i n  the tubes o f  

magnetic lines of force passing th rough  the ring. The local phase space 

density of energetic particles i s  reduced in the range of the  ring between 

L, and L3 (Fig. 2 ,  curve b ) .  Since there i s  no source assumed in t h a t  region 

there i s  no maximum. The same "macro-signature" (curve b )  i s  seen f o r  a 

s a t e l l i t e  orbiting in the radius interval between L1 and L3 i f  one measures 
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the time-average phase space density. Close to a satellite, however, 

the total depletion of energetic particles due to the absorption of 

all particles from a tube of magnetic field lines which intersects the 

satellite can be observed. The particle shadow of a satellite for a 

ass of particles either precedes or foliows, depending on 

drift motion, the satellite in its orbital motion and is 

led in (as a function of longitude ahead of or behind the 

satellite) by radial diffusion. Such a time-dependent signature that 

i s  localized in longitude is called "micro-signature" (Fig. 2, curve c). 

The time-averaged or longitudinally-averaged effect on the radial distri- 

bution of trapped particles is the above described macro-signature of a 

longitudinally uniform distribution of dispersed particulate matter in the 

form of a ring. A longitudinally localized distribution of particulates 

can masquerade as a satellite and would be difficult to distinguish from 

a sate1 1 i te by the particle absorption technique. 

The power of this technique for the identification of concentrations 

of particulates has been demonstrated by the Pioneer 11, Voyager 1 and 2 

measurements at Jupiter's and Saturn's rings. (Fillius 1976, Goertz and 

979, Van Allen et al. 1980 a,b,c, Van Allen, 1982). Energetic 

absorption signatures near Saturn's G ring repored by Van Allen 

980b) were interpreted as a mass density per unit area normal to 

plane of 2 7x10-' g/cm-2 (Van Allen personal communication, re- 

ported by Gurnett et al. 1982). In the region of the F ring Van Allen et 

a1 . (1980a) reported three individual micro-signatures which were inter- 
preted by Van Allen (1982) as three nearby satellites or  longitudinally- 

localized distributions of dispersed particulate matter at radial dis- 

stances of 141,179 + 100 km, 140,630 + 80 km and 140,150 + 80 km. For 

comparison the (elliptical) F ring has been optically identified at a 

mean distance of 140,300 km from Saturn's center. 

- - - 
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Morfil l  e t  a l .  (1980d) suggest t h a t  a l s o  i n  the  Joviar! system outs ide  

the op t i ca l ly  v i s i b l e  r i n g  a concentration of small dust  p a r t i c l e s  leads 

t o  s i g n i f i c a n t  losses  throughout the inner magnetosphere which a r e  i n  agree- 

ment w i t h  the  ava i lab le  energe t ic  e lectron measurements (Van 'Allen, 1977). 

Also thermal plasma i s  affected by the absorption by a tenuous r ing.  

Voyager 1 and 2 observations of the electron d i s t r ibu t ion  showed a deplet ion 

of higher energy e lec t rons  (above 700 eV) by Sa turn ' s  E r ing  ( S i t t l e r  e t  a l .  

1981). The lower energy e lec t rons  a re  not affected because their bounce 

frequency and co l l i s ion  frequency which a r e  proportional t o  the p a r t i c l e  

energy a r e  lower and hence their  absorption r a t e  is  reduced. S i t t l e r  e t  a l .  

(1981) showed t h a t  the E r i n g  extends out t o  about 9 RS and is  n o t  symmetri- 

cal about Saturn. They a l s o  found some absorption s ignatures  between 15 and 

17 RS and outs ide 20 US. 
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111.2 Charg ing  of d u s t  particles 

Dust particles which are immersed i n  a plasma will be h i t  by electrons 

and ions. These electrons and ions will st ick t o  the dust grain and change 

i t s  charge s ta te  until t h e  flux of positive charges onto the surface equals 

the.flux of negative charges. I f  there are other currents of charged particles 

t o  and from the surface like photoelectron and secondary particle emission 

they also have t o  be taken i n t o  account. Charge equilibrium i s  reached when 

the sum of a l l  currents equals zero. Two cases can be distinguished: f i r s t ,  

there is only one isolated particle within a sphere of the radius of the 

Debye length X~ and second there are many particles w i t h i n  a Debye sphere 

and  the electr ic  fields of neighbouring particles overlap. We shall begin 

w i t h  the case of 

a )  Isolated grains 

We want t o  calculate t h e  par t  c l e ' s  surface charge and i t s  var  ation 

w i t h  time when i t  is immersed i n  a plasma andirradiatedby solar UV radia- 

t i o n .  The plasma has a density n = n  e 
and ion energy E 

c i t i e s  are much greater t h a n  the dust grain velocity so t h a t  we may consider 

the particle a t  res t  with respect t o  the plasma. In  a Maxwellian plasma w i t h  

= n i  and  a thermal electron energy Ee 

We shall assume t h a t  the thermal electron and ion velo- i '  

electron temperature Te and ion temperature Ti (o r  thermal energies Ee = 

kTe and Ei = k T i ,  respectively, where k i s  the Boltzmann constant) the rate 

of incidence of electrons on a grain of radius  s and of (positive) charge 

N e ( e  = electronic charge) results in a charging rate of 

e d t  . .  

where ae i s  the'lsticking eff 

2 = -TS C( n c ' exp (Ve/kTe) e e e  

ciency" of electrons (Q 1 )  t o  the gra n 
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and V = Ne/s i s  t h e  p o t e n t i a l  o f  a ( spher i ca l )  p a r t i c l e  which has the  sur-  

f ace  charge q = Ne (number o f  e lec t rons  N = 700 V s 

g r a i n  r a d i u s  s 

a ga in  i n  ( p o s i t i v e )  charge a t  a r a t e  given by 

w i t h  V i n  v o l t s  and IJ' 
i n  iim). The r a t e  a t  which p o s i t i v e  i ons  a re  i n c i d e n t  leads t o  

CI 

(7) 2 = T S  a ni ci exp (-eV/kTi). i 
i 

a i s  t he  

v e l o c i t i t e s  o f  e lec t rons  and ions,  respect ive ly , in  a Maxwel l ian plasma 

" s t i c k i n g  e f f i c i ency ' l o f  ions (2 1 )  and ce and ci a r e  t h e  thermal i 

ce - - { -  - and 
2kTi 

c i  =& 
The r a t e  o f  lncrease o f  ( p o s i t i v e )  charge on t h e  g r a i n  due t o  photoemission 

i s  (Wyatt,  1969): 

:Ipe= 7s' K f (V) 

where we can represent  f ( V )  approximately by 

i f V L 0  
-v/v* i f V > O  

( 9 )  

Ro 2 Wyatt (1964) est imates a y i e l d  K = 2 . 5 ~ 1 0 ' ~  (F 
i n  t h e  s o l a r  UV spectrum a t  r = R o  = 1 AU f o r  a metal t a r g e t .  Th is  number 

may be reduced by a f a c t o r  o f  0.1 f o r  d i e l e c t r i c s  (Feuerbacher and F i t t o n ,  

1972). The constant  V *  depends on t h e  mean k i n e t i c  escape energy which t h e  

photoelect rons have and i s  o f  t h e  order  o f  V* = 3 V. 

The e q u i l i b r i u m  p o t e n t i a l  Vo i s  then found by s e t t i n g  

photoelect rons per  cm2 and second 
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I f  t h e  photoelect ron f l u x  dominates ( c f .  Fig.  1) t h e  e q u i l i b r i u m  charge w i l l  

be p o s i t i v e  and t h e  exp(-V/V*) f a c t o r  au tomat i ca l l y  ensures small  p o t e n t i a l s  

o f  t h e  order  Vo % V*. The charge on t h e  dus t  p a r t i c l e  i s  g iven by 

where q is i n  e.s.u., s i n  cm and V i n  v o l t s .  
0 

Th is  s i t u a t i o n  app l i es  t o  i n t e r p l a n e t a r y  space (Rhee, 1967, 

Wyatt 1964) and t o  regions where the  plasma f l u x  i s  low (e.g. above 

Saturn ’s  A and B r i n g s ) .  I n  t h e  dense plasma regions o f  t h e  magnetospheres, 

t h e  thermal e l e c t r o n  f l u x  exceeds a l l  o the r  f l u x e s  on a g r a i n  a t  p o t e n t i a l  

V = 0. I n  t h e  case where plasma e l e c t r o n  f l u x  and photoelect ron f l u x  a re  the 

main f l uxes ,  t h e  e q u i l i b r i u m  p o t e n t i a l  Vo  i s  g iven approximately by 

neCe eV, & -  Ee I n  - , 
\ ’  K 

I f  photoelect ron f l u x  i s  n e g l i g i b l e  compared t o  t h e  plasma e l e c t r o n  f l u x  

( i .e .  n c >> K) then balance i s  achieved by (6 )  and ( 7 )  and we g e t  e e  

I n  o the r  words, i f  nece < K (by a f a c t o r  o f  2 or more), t h e  e q u i l i b r i u m  

p o t e n t i a l  i s  vo = o rde r  o f  (r) and i s  negat ive.  Ee 
.. 

The charg ing t ime  constant  ‘I can be obta ined f rom Fig.  3 ( a f t e r  Johnson e t  

a l . ,  1980) f o r  t h e  case where plasma f l u x e s  dominate. For g iven plasma energies, 
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I ;  

E and E .  the product Tns i s  obtained, e.g. i f  Ee = Ei = 100 eV, Tns = 0 . 3 ,  

for a plasma density n = 10 cmr3 and s = 

e 1 

cm a charging time constant of 

T = 30 s i s  calculated. The surface potential V of the dust‘grain varies 

w i t h  time as  

where the in i t ia l  charge is V ( t  = 0 )  = Vo( l -g ) .  

show t h a t  the potential on the grain surface follows variations of the 

plasma parameters ( n e ,  E e l  which have comparable o r  longer time scales. 

These short time scales 

Therefore the charge s ta te  of a dust grain i s  determined by the local 

plasma conditions. 

. 

The negative equilibrium potential may be altered towards less 

negative va!ues by several effects. I f  the dust particle i s  in motion 

relative t o  the 

dust particle and u i s  the co-rotational speed of the plasma) which be- 

comes comparable with the thermal speed of the ions 

the electronslthen the currents 

relative speed range from w = 0 a t  t h e  co-rotation distance t o  several 

100 km/s in.the outer plasmasphere. The  thermal speed of 100 eV electrons i s  

plasma w i t h  a speed w = v-u  ( v  = orbital speed of the 

o r  even with t h a t  of 

onto the dust grain are enhanced. Typical 

6x10’ km/s whereas the thermal speed of cxygen ions of the same energy is 

35 km/s. With respect t o  the electrons,the d u s t  particles move with sub- 

sonic speed in a l l  regions of the magnetosphere. B u t  with respect t o  the ions 

the motion i s  supersonic i n  the outer parts of the plasmasphere. Therefore 

the ion flux onto the dust grain i s  enhanced and hence the negative equili- 

I 

brium potential V o  i s  reduced. A full treatment of this  case i s  given by 

Wyatt (1969) and Mendis (1981). 
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A t  plasma energies above 10 eV secondary emission from s o l i d  p a r t i c l e s  

becomes impor tant  and causes a r e d u c t i o n  o f  t h e  negat ive e q u i l i b r i u m  

p o t e n t i a l  . A t  plasma energies above 100 eV the  y i e l d  of secondar!/ e lec t rons  may 

become l a r g e r  than 1 f o r  some mate r ia l s  and the  charging e f f e c t  o f  t he  

impact ing e lec t rons  reverses because more e lec t rons  are released than 

p icked up. The e q u i l i b r i u m  p o t e n t i a l  w i l l  then become 'L 10 V p o s i t i v e  s ince 

t h e  energies o f  t h e  secondary e lec t rons  a r e  t y p i c a l l y  10 eV. Th is  e f f e c t  

has been discussed i n  more d e t a i l  by Meyer-Vernet (1982). 

. .  
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b) collective effects 

An ensemble of dust particles embedded in a plasma is, of 

course, not necessarily described by the single, isolated par- 

ticle approach used previously. The question is, when are 

"collective" effects important. By "collective" we mean here 

not the mass, momentum and energy interchanges which occur in 

a mass loaded plasma, but the interactions between neighboring 

particles and the resultant influences on the plasma, and, in 

turn, the backreaction on the dust particles. 

"Collective" effects are important, when the plasma relaxa- 

tion time scales and natural length scales become larger than 

the determining time and length scales of the dust distribution. 

One important process is the redistribution of the plasma in 

the presence of a foreign point charge. The associated length 

scale is the Debye length, AD, the time scale is given approxi- 

mately by XD/ce, where ce is the electron thermal velocity. 

The redistribution of the plasma implies that the foreign point 

charge is shielded from the rest of the system outside a distance 

of a few xD. If the mean separation between dust particles, 

-'I3 (where n d d d = n  

is smaller than xD, neighboring dust particles are not shielded 

and isolated from each other - they begin to act like a solid 
dielectric. For a flat extended ring, this implies that the 

ring particle surface potential must be calculated as if it were 

a flat plate. Needless to say, the influence of the neighboring 

particles, then simply lead to a reduction in the total rins 

is the spatial density of the dust particles) , 

surface charge. As shown by Morfill (1982a,b) 
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and Goertz and Morfill (1982) for the case of Saturn, the 

ring potential can be calculated from 

with the workfunction for ice V* = 3 V, the photoelectron 

yield for ice at Saturn K = 2.5~10 cm '2s-1 and the photoelectron- 

flux from the ionosphere KI = 2.5~10 cm -2s'1. This yields va- 

lues for the ring potential VR I + 10 volts for optical depth 

1: 

corresponding surface charge density is 

= 1 and VR = + 4 . 7  volts for optical depth ' c ~  = 0.1. The R 

0 = v /4nXD R ( 1 7 )  

2 Again for Saturn's rings, this yields u H 500 electrons/cm 

( T ~  E 1). Ring particles with a systematic charge greater than 

+e (electron charge) must have radii greater than - 0.05 cm. 
Smaller particles have only statistically fluctuating charges. 

We will see that only micron-sized particles (or sub-micron) 

are at all likely to be electromagnetically affected. If these 

particles carry essentially no charge, as seems indicated by 

these considerations, then it must be concluded that, on average, 

elctromagnetic processes are unimportant in sufficiently dense 

planetary rings. They may be of interest for ring "halos", 

if these consist of dust grains which are sufficiently small 

and not too,abundant. If the "halo" was for some reason, too 

dense, it would shield itself electrically, the perturbing elec- 

tromagnetic forces would be turned off and the dynamical evolu- 

tion would be governed by dust-dust collisions, finally leading 

to a flattened ring, unless it is continually replenished. 

. .  
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Of interest is perhaps also the fact that small, practically 

neutral, ring particles fluctuate from - I ,  0, + 1  e over time 

scales given by the solar UV flux and its photoionisation effi- 

ciency. At Saturn, this time scale is 

T = l / ( r r s 2 K )  1.3/s; sec 
Pe 

(18 )  

where s is the particle radius in microns. The material was 

assumed to be ice. Furthermore, if the electron energies are 

% few eV (and thus ce - 1 0  cm/sec), any plasma dersity in ex- 

cess of % 0.25 cm-3 suffices to charge isolated dust particles 

in Saturn's magnetosphere negatively. The Debye length is then 

P 

8 

1 0 3 / q  cm 

and the time scale for plasma readjustment is 

- = xD/ce sec 
'd 

This time scale is much faster than any time scale involving 

dust grains (such as charge fluctuation time scale, time scale 

involving translational motion, collision time scales, momentum 

exchange time etc.). Hence no higher order corrections are ever 

required in the situations discussed here. 

. 

i 
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L e t  u s  c o n s i d e r ,  q u i t e  g e n e r a l l y ,  a d u s t  r i n g  wi th  normal 

o p t i c a l  depth,T , mean p a r t i c l e  s i z e  s and scale h e i g h t  h. 

The  d u s t  p a r t i c l e  number d e n s i t y  i s  then  

2 
( 2 1  1 n = T/TS h 

and t h e  mean sepa ra t ion  between d u s t  p a r t i c l e s  i s  

-1/3 d = n  

From(19) and ( 2 2 )  w e  d e f i n e  t h e  parameter  n: 

*D 3 . 2 ~ 1 0 ~  T 1 /3  c,r n - - -  
d '" (23) 

where h i s  t h e  scale he ight  measured i n  c m ,  and s has  been set  

equa l  t o  1 micron- I n  Table 1 w e  l i s t  e s t i m a t e s  of  rl f o r  some 

s p e c i f i c  r i n g s  (no te  t h a t  w e  have always used ce = 10 8 cm/sec 

- some plasma environments may be somewhat " h o t t e r " ) .  

Table  1: E l e c t r i c a l  cond i t ions  i n  p l a n e t a r y  r i n g s  

Ring plasma normal o p t i c a l  scale h e i g h t  rl 
d e n s i t y  depth  
( ~ m ' ~  ) (km) 

J u p i t e r  r i n g  < 100 'L 30 > 5  
J u p i t e r  h a l o  'L 100 'L 1 o4 0.5 
E r i n g  'L > 10 10 -10 0.5-1 
G r i n g  'L 10 l o3  2 

A and B r i n g  'L 1 1 2, lo5 

3 F r i n g  < 10 'L 0.1 . < I  > 10 

Spokes r eg ion  'L 100 0.1 30 'L100 

A s  can be seen  from t h e  t a b l e ,  t h e  on ly  c l e a r c u t  case where 

d u s t  p a r t i c l e s  are i s o l a t e d ,  are t h e  Jov ian  r i n g  h a l o  and 

t h e  E r i n g  of Sa turn .  A l l  o t h e r  systems ( a t  l e a s t  when they a r e  

f u l l y  evolved,  e .g .  i n  t h e  case of t h e  "spokes") must be regar -  

ded as " c o l l e c t i v e " ,  i n  t h e  s e n s e  d e f i n e d  e a r l i e r .  



c 

This implies that electromagnetic perturbations are 

unlikely to be important fo r  most ring phenomena - except 
the E ring, Jupiter's ring halo and, perhaps, disc and G 

ring. 

- 20 - 
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111.3 E l e c t r o s t a t i c  d i s r u p t i o n  and p a r t i c l e  l e v i t a t i o n  

A consequence of the  e lec t r ica l  charg ing  of d u s t  p a r t i c l e s  

is t h e i r  p o s s i b l e  bu r s t ing  due t o  t h e  e l e c t r o s t a t i c  stresses 

and t h e  mutual repuls ion  o f  homogeneously charged g r a i n s .  If 
/ 

one p a r t i c l e  i s  much l a r g e r  t han  t h e  o t h e r  and i f  t h e  r epu l s ion  

is  coun te rac t ed  by t h e  g r a v i t a t i o n a l  a t t r a c t i o n  then  t h i s  s i t u a -  

t i o n  i s  commonly r e f e r r e d  t o  as e l e c t r o s t a t i c  l e v i t a t i o n  (see -below). 

a )  E l e c t r o s t a t i c  d i s r u p t i o n  

This  mechanism was f i r s t  desc r ibed  f o r  i n t e r p l a n e t a r y  meteo- 

r o i d s  by Opik (1956) .  E l e c t r o s t a t i c  d i s r u p t i o n  of charged d u s t  

p a r t i c l e s  occur s  i f  t h e  t e n s i l e  s t r e n g t h  Ft of t h e  p a r t i c l e  i n  

dynes pe r  square  cent imeter  i s  exceeded by t h e  e l e c t r o s t a t i c  

r e p u l s i v e  f o r c e  a c t i n g  on a sphere  of r a d i u s  s ( c m )  a t  a s u r f a c e  

p o t e n t i a l  Vo ( V )  : 

-7 2 2 Ft < 8.85 x 1 0  Vo/s ( 2 4 )  

The r e l e v a n t  t e n s i l e  s t r e n g t h  (and t h e  corresponding maximum 
s u r f a c e  f i e l d  s t r e n g t h  V o / s )  i s  % 10’ dyn cm-?’ ( 10“  V / c m )  

c; 

f o r  f l u f f y  aggrega te s ,  10 6 .  t o  10 8 dyn cm-2 (10 6 t o  1 0  7 V / c m )  

cates ,% 7x10’ dyn c m e 2  (9x10 7 V/cm)  f o r  g l a s s  and % 2x10 10 

7 9 6 7 for ice ,  1 0  t o  1 0  dyn cm-2 (3x10 t o  3x10 V/cm)  f o r  s i l i -  

dyn c m e 2  ( 1 . 5 ~ 1 0  8 V / c m )  f o r  metal’s (Sipik, 1956; Rhee 1976;’ 

Po l l ack  e t  a l .  1979, Burns e t  a l .  1980) .  F igu re  4 shows l i n e s  

of c o n s t a n t  t e n s i l e  s t r e n g t h  ( i . e .  f i e l d  s t r e n g t h )  as a 

func t ion  o f . p a r t i c l e  r ad ius  and  s u r f a c e  p o t e n t i a l .  
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Micron- and submicron-sized particles have increased 

strength because they may consist of individual crystals. 

For these particles the maximum field strength attainable 

at the surface is limited by ion field emission in the case I 

of positive grain charge or by electron field emission in 

case of negative grain charge. The maximum field strength is 1 

1 7 then %5 x lo8 and + 10 V/cm f o r  ion and electron field emis- 
I 

sion, respectively ,(Muller 1956) . Charging of spherical dust ! 

particles made of carbon, glass and metals in the laboratory 

resulted in surface field strengths which were within a factor 

of 5 of the ion field emission limit without destroying the 

dust particles (Vedder 1963; Friichtenicht 1964; Fechtig et a1 

1978). However, dust particles in planetary rings may be more 

friable than generally undamaged laboratory specimens from 

collisions among ring members (Burns et a1 1980, Horz et a1 1975) 

and from radiation damage (Mukai 1980; Smoluchowski 1980). Both 

effects enhance flaw densities and thereby weaken grains. 

While Opik (1956) calculated the electrostatic pressure for 

spherical grains, a more general derivation for prolate and 

oblate spheroids is given by Hill and Mendis (1 981b) . Another 
more general description of electrostatic bursting is obtained 

for particles with rough surfaces if the dimension s appearing 

in ( 2 4 )  is that of a typical asperity, not that of a whole grain. 

Since any roughness is usually much smaller than the grain it- i 

self, the stresses acting on surface elements are considerably 

higher than ( 2 4 )  provides. Such surface bumps will first be 

eroded away and the grain will become more spherical. The final 

result will be one of two things: If the tensile strength of the 
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grain is sufficiently,large the end chipping process will 

eventually cease. Otherwise, it will continue chipping off 

until it becomes spherical, at which time it will explode 

in toto. -- 

b) Electrostatic levitation and blow-off of small particles 

In this paragraph we want to study the combined effect of 

electrostatic repulsion and gravitational attraction of 

spherical particles with radii so and s ,  where s > > s .  The 

small particle may be one which is electrostatically 

chipped off from the larger one or which inelastically collided 

with the larger one and got stuck due to gravitational attrac- 

tion when there was l ess  electrostatic repulsion between the 

particles. The effects of spinning particles and of particles 

within the Roche limit will be discussed 

paragraph). In a plasma with Debye length AD the large par- 

ticle will be charged to the surface potential Vo which de- 

pends on the plasma conditions and the solar UV flux. The 

electric potential U at a point r(r > so) from the center 

of the large particle is given by 

0 

(at the end of this 

r-s 
0 voso - - 

u = -  e AD r 

+ 
and the electric field strength is 

r-s 
0 so(AD+r) - - 

e 
r2' 'D 

( 2 5 )  
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The s m a l l  d u s t  g r a i n  l y i n g  on t h e  s u r f a c e  would a c q u i r e  a 

charge q ( w e  w i l l  assume s<<XD). This  charge is  p r o p o r t i o n a l  

t o  i ts  p r o j e c t e d  s u r f a c e  area, a s  was f irst  po in ted  o u t  by 

S inge r  and Walker (1962) : 

2 Yo = lls 4n 
2 q = r s a  
0 

where (I is  t h e  s u r f a c e  charge d e n s i t y  on t h e  large p a r t i c l e s  

and go i s  t h e  s u r f a c e  f i e l d  s t r eng th .  S e t t i n g  r = s and sub- 

s t i t u t i n g  ( 2 6 )  i n  ( 2 7 )  y i e l d s  

0 

0 

1 2  ’D+’o 

D o  
q = ~ S V o ~  

Notice t h a t  t h i s  charge i s  much smaller than  t h e  charge 

(q  = s V o )  t h a t  would be acquired by t h e  g r a i n  i f  it w a s  a t  a 

p o t e n t i a l  Vo i n  f r e e  space.  The number of e l e c t r o n i c  charges  N 

on such a g r a i n  i s  given by 

N = 9 = 1.74  x 10 e 

wi th  s 

Nfor  a micron-sized g r a i n  l y i n g  on a so = 1 m p a r t i c l e  a t  

Vo = 10 V and A D  = 10 m i s  1.9 x 

n o t  have a f r a c t i o n a l  e l e c t r o n i c  charge ,  and t h e  proper  i n t e r -  

p r e t a t i o n  of  t h i s  number i s  t h a t  t h e  n e t  charge  of N-l s m a l l  

g r a i n s  l y i n g  on t h e  s u r f a c e  of t h e  b igge r  one i s  u n i t  charge ,  

i - e .  some of them are p o s i t i v e l y  charged due t o  t h e  loss o f  

i n  pm, Vo i n  v o l t s  and X CI D and so i n  meters. The va lue  

Obviously a g r a i n  can- 

I 
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. . 

a photoelectron, some are negatively charged by the capture 

of a plasma electron and many are uncharged (we assumed zero 

conductivity through the large particle). 

As soon as the small grain leaves the larger particle it 

may acquire its full free space charge N = 700 V s There- 

fore we will discuss in the following sections both extreme 
0 P’ 

cases N = 1 and N = 700 V s . The condition that the small 
O C I  

grain escapes the gravitational field of the larger particle 

is that the energy Eel gained from the electric field of the 

larger particle exceeds the gravitational energy E 

Eel’ Egr or 

- 
gr - 

NeVo > G Mo m/so (30) 

where G is the gravitational constant and Mo is the mass of 

the large particle. If both particles are spherical and have 

densities of 1 g/cm3 then the critical grain radius s (pm) 

‘is given by 

PC 

and 
vO 

S = 310  - s 
0 PC 

for N = 700 v s oc1 

with Vo in volts and s in meters. A particle of radius 
0 

s s will escape the gravitational attraction of the larger 
D PC 

particle. This dependence is also shown in Fig. 4 for Vo = 

10 Volts, so = 1.8 m (which is a typical particle size in 
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S a t u r n ' s  B r i n g )  and f o r  both extreme charge states. Fig.  51 

shows t h e  dependence of  t h e  c r i t i ca l  r a d i u s  from t h e  r a d i u s  

of t h e  large p a r t i c l e  a t  Vo = 1 0  volts .  

I f  t h e  large p a r t i c l e  i s  much larger than  t h e  Debye l e n g t h  

A D  t hen  t h e  s m a l l  g r a i n  may be l e v i t a t e d  wi thout  be ing  a b l e  t o  

escape from t h e  g r a v i t a t i o n a l  f i e l d  of  t h e  l a r g e  p a r t i c l e  

(e .g .  a s a t e l l i t e ) .  This  e f f e c t  i s  desc r ibed  by comparing . 

t h e  f o r c e s  a c t i n g  on t h e  s m a l l  g r a i n .  The electric f o r c e  of 

r e p u l s i o n ,  Fel, on a g r a i n  c a r r y i n g  t h e  charge N e  a t  t h e  su r -  

face of t h e  l a r g e r  p a r t i c l e ,  i s  g iven  by 

x + s  
Fel - - N e  Vo 'D+'o = 1.60 x i o  - 1 4  N*Vo x D o  

D o  D' '0 
( 3 2 )  

with t h e  same u n i t s  as i n  ( 2 9 ) a n d  Felin dynes. 

The g r a v i t a t i o n a l  force F on a g r a i n  of  r a d i u s  s l y i n g  
5T 

on a l a r g e r  p o t e n t i a l  o f  r a d i u s  so i s  given by 

where P and po are t h e  d e n s i t i e s  of t h e  s m a l l  a n d  t h e  

l a r g e  p a r t i c l e ,  r e s p e c t i v e l y .  With p = po = 1 g/cm 3 and so >> s 

w e  g e t  

i n  dynes.  The cond i t ion  f o r  such a g r a i n  t o  l e a v e  t h e  s u r f a c e  

is F > F This  g ives  a c r i t i ca l  g r a i n  r a d i u s  
e l  gr  ' 
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and 
xD+so 1/2  

s '  = 310 x 2 (T ) f o r  N = 700 v s (35b) 
0 O P  PC S 

Both r e l a t i o n s  are d isp layed  i n  F ig .  5 f o r  Vo = 10 v o l t s  and 

a t y p i c a l  Debye l e n g t h  of A D  = 1 0  m. I f  so > A D  s m a l l  p a r t i c l e s  
may be l e v i t a t e d  although they  a r e  n o t  a b l e  t o  escape  from t h e  

g r a v i t a t i o n a l  a t t r a c t i o n  of t h e  l a r g e  p a r t i c l e .  

w i l l  l e a d  t o  a ha lo  of s m a l l  p a r t i c l e s  around 

a t  a h e i g h t  of  t h e  order  of  A,,. 

This  e f fec t  

t h e  b igge r  one 

A s p i n  of t h e  l a r g e  p a r t i c l e  w i th  a per iod  T l e a d s  t o  a 

mod i f i ca t ion  of t h e  a t t r a c t i v e  f o r c e  ( 3 3 ) .  The e f f e c t i v e  gra-  

v i t a t i o n a l  f o r c e  F'  

( i . e .  ang le  from t h e  r o t a t i o n a l  e q u a t o r )  on a l a r g e  p a r t i c l e  

i s  given by 

on a s m a l l  g r a i n  l y i n g  a t  l a t i t u d e  X 
gr 

1 3TI cos2  x 
9r gr T2 P o  

F '  = F ( 1  - 

A t t h e  c r i t i c a l  s p i n  per iod 

( 3 6 )  

(37) 

sma l l  g r a i n s  are only  g r a v i t a t i o n a l l y  bound t o  t h e  s u r f a c e  of 

t h e  l a r g e  p a r t i c l e  a t  l a t i t u d e s  A > A ' .  For a d e n s i t y  po  = 

1 g/cm3 s m a l l  p a r t i c l e s  w i l l  n o t  s t i c k  (by g r a v i t a t i o n )  t o  t h e  



equatorial regions of the large particle if its rotation period 

is shorter than Tc4 (1 '  = 0) = 1.19 x 10 4 s = 3 h 18 min. 

Another modification of the attractive forces comes from 

the fact that bothparticles move in the gravitational field of 

the planet. The gravitational field of a particle of radius so 

is altered by the tidal forces exerted by the planet with ra- 

dius R. Qualitatively, the gravitational attraction at the sub- 

and anti-Glanet points of the spherical particle's surface is 

weakened whereas the attraction is increased at the poles (with 

respect to the orbit plane) of the particles. At the leading 

and trailing edges the gravitational force of the particle 

remains approximately unaltered. The Roche limit is given by 

where p is the density of the planet (p, = 1.33 g/cm 3 , 
3 is the density of the particle and a is 

PO 
p s  = 0.66 g/cm I ,  

a factor describing the shape of the particle (a = 1.44 for 

a spherical particle and a = 2.46 for a particle relaxed to 

hydrostatic equilibrium, see Dermott et a1,1979 and Dermott 1982). 

Most of the rings of Jupiter, Saturn and Uranus are located 

close to or even inside the Roche Limit (Dermott et al, 1980) . 
Inside the Roche limit for spherical bodies only particles 

with finite tensile strength can exist. Therefore loose dust 

grains lying 

from the caps that are closest to and furthest from the planet. 

Only in the polar regions a dust coverage (regolith) may exist 

at the surface of a larger particle will be lost 
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even i n s i d e  t h e  Roche l i m i t .  For a more d e t a i l e d  d i s c u s s i o n  of 

t h e  e f f e c t s  o c c u r r i n g  n e a r  and i n s i d e  t h e  Roche l i m i t  see 

Dobrovolskis and Burns ( 1 9 8 0 ) ,  Davis e t  a l .  ( 1 9 8 1 ) .  The addi-  

t i o n a l  e f f e c t  of electric charg ing ,  i . e .  e l e c t r o s t a t i c  re- 

p u l s i o n ,  w i l l  clear l a r g e r  a r e a s  around t h e  sub- and a n t i -  

p l a n e t  p o i n t s  from t h e  d u s t .  Therefore  c l o s e  t o  and i n s i d e  

t h e  Roche l i m i t  a n  i n c r e a s e  of t h e  s u r f a c e  p o t e n t i a l  of par-  

t i c l e s ,  due t o  changes i n  t h e  plasma parameters  and t h e  UV 

i l l u m i n a t i o n ,  w i l l  lead t o  t h e  l e v i t a t i o n  and escape of d u s t  

g r a i n  which o the rwise  would s t i c k  t o  t h e  s u r f a c e  of l a r g e r  

p a r t i c l e s .  
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I I I .4 Sputter ing 

The bombardment of so l id  pa r t i c l e s  by the intense f l u x  of magnetos- 

pheric  ions a t  energies above several t ens  of eV re leases  atoms, molecules 

and ions from the t a rge t .  The sput ter ing y i e ld  S (i.e., the number of se- 

condary p a r t i c l e s  per incident  ion)  depends s t rongly both on the t a r g e t  

material  and the energy and atomic number of the incident  ions ( fo r  a re- 

view see, e.g., Carter  and Colligon, 1968, o r  Oechsner, 1975). Sputtering 

y i e lds  S a r e  determined by laboratory simulation and have been reported 

by Wehner e t  a l .  (1963) f o r  as t rophysical ly  important systems l i k e  hydro- 

gen and helium ions onto metal and stone t a r g e t s  i n  the energy range of 

1 t o  20 KeV. For protons typical values of S = 0.01 t o  0.04 and f o r  a-par- 
P 

t i c l e s  values o f  Sa = 0.1 t o  0.4 have been found. For higher primary 

ion masses the  sputtering y ie ld  passes through a maximum of the order 

of S = 10 when the mass of the primary ion i s  s imi l a r  t o  t h a t  of the 

subs t r a t e  atom (Wechsung, 1977). A t  higher energies the sput ter ing y i e ld  

increases.  Recently Brown e t  a l .  (1978 and 1980) reported the  sputtering 

y ie ld  of i ce  bombarded by hydrogen, helium, carbon and oxygen ions a t  

energies a t  1.5 MeV. Hydrogen showed a y i e l d  of S 

'Het 
f o r  magnetospheric atoms and ions. This e f f e c t  i s  being discussed a s  an 

important source f o r  the heavy ions i n  t he  Io  torus  (see Matson e t  a l . ,  

1974) and i n  Sa turn ' s  plasma sheet  ( c f .  Cheng e t  a l . ,  1982). 

= 0.2 t o  0.4, helium 
P 

= 10, and carbon and oxygen SCt,O+ Q 500. Sput ter ing is a source 

On t he  other  hand sputtering erodes p a r t i c u l a t e  matter. The 

sputter erosion of lunar  rocks by so lar  wind ions has been determined 

both theo re t i ca l ly  and experimentally ( f o r  a review see ,  e.g., Ashworth, 

1978). The best value f o r  the sput ter  r a t e  on the lunar  surface i s  

1 . 6 ~ 1 0 - ' ~ c m  s-'. T h i s  value r e f e r s  t o  a f l u x  of s o l a r  wind ions (roughly 

95% protons and 5% a -pa r t i c l e s )  of $sw Q 2x10 cm-2s-1 a t  a speed of 

% 400 km/s. 

8 

I 
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Lanzerotti e t  a l .  (1978) studied the sputter erosion of the icy 

surfaces of the Galilean satel l i tes  Europa, Ganymede and Callisto by 

high energy protons . ( E  > 100 keV) of the Jovian radiation belt. Their e s t i -  

mated sputter rates of water  ice are presented i n  Table 2. Matson e t  a l .  (1974) 

estimated the sputter rate a t  Io from the observed sodium cloud t o  be 1 . 5 ~ 1 0 - ' ~  

1 . 5 ~ 1 0 - l ~  cm s - ' .  An upper limit of the sputter rate a t  Io of 8 ~ 1 0 - l ~  crn s-l 

has been determined by H a f f  e t  a l .  (1979).  They considered the heavy ion  

impact on ice a t  a velocity of 50 km/s which corresponds t o  a n  energy of 

300 eV f o r  ions of atomic mass 20. This sputter mechanism i s  most effective 

in the densest parts of I o ' s  plasma torus. 

The shortest lifetimes T~ w i t h  respect t o  sputtering (order of 10 years) 

f o r  1 pm ice particles a re  found in the Io  torus and  between Io  and Europa. S i l i -  

cate particles, however, would be expected t o  have abou t  10 times longer l i f e -  

times t h a n  ice particles. 

I n  the inner (4.5 - 8 R s )  S a t u r n i a n  system Cheng e t  a l .  (1982) calculate 

t h a t  high energy sputtering by protons above 50 keV a t  a f l u x  of s 1 0  7 cm -2 s -1 

yield a water ice erosion rate of 3 ~ 1 0 - l ~  cm s- ' .  This rate may also apply to  

the inner sa te l l i t es  Mimas (3.1 R s )  and Enceladus (4.0 Rs)  since there the observed 

h i g h  energy pro ton  flux is  comparable t o  t h a t  further o u t  (Krimigis 

e t  a l . ,  1981, 1982). Morfill e t  al. (1962b) consider the sputtering by l o w  

energy heavy plasma ions. Co-rotational energies of oxygen ions i n  the E-ring 

region (3.5 t o  9 Rs) range from 50 t o  500 eV. Sputtering yields from low energy 

heavy ions impact are S = 1 t o  10 secondary particles per ion .  This effect  be- 

comes dominant over the high energy i o n  sputtering in the inner Saturnian mag- 

netosphere because the h i g h  energy particle flux (above 100 keV) i s  much 

reduced compared t o  t h a t  in the Jovian system. Ice particle lifetimes 

from 100 t o  10 years i n  t h e  region o f  the E rinq. 

_ -  

range 
4 
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111.5 Plasma drag 

Dust grains  travelling t h r o u g h  a plasma will exchange momentum 

w i t h  the plasma particles to  exert a drag  on the grain. This d rag  force 

i s  a function of the relative speed o f  the d u s t  g r a i n  with respect t o  

the plasma. A t  the co-rotation distance rco no drag force is exerted be- 

cause the grain i s  a t  rest  with respect t o  the plasma frame o f  reference. 

Inside the co-rotation distance the plasma drag  decelerates the orbi- 

tal speed of the grain and hence the orbit decays towards the planet. 

Outside the co-rotation distance, however, the plasma drag accelerates 

the grain's orbital speed and therefore the orbit  expands and the par -  

t i c les  are pushed towards larger distances from the planet. This effect 

competes w i t h  the d rag  force exerted by the radiation pressure which 

causes the grains t o  lose orbital energy (cf .  Mignard, 1982). 

a )  Direct particle drag 

In this case we assume that the bulk energy of  the plasma ions i s  much ' 

greater t h a n  the potential o f  the surface charge. The grain moves w i t h  a 

velocity w = v-u with respect t o  the plasma, where $ i s  t h e  orbital speed o f  

the dust particle and u = ri$ i s  the co-rotational bulk speed o f  the plasma 

a t  the distance 

4 i s  an azimuthal unit vector. 

Then we can write for the force a c t i n g  on the dust particle 

-f + +  

-+ 
P 

P 
r from t h e  rotation axis, with the angular velocity R and 

A 

2 OD 

FD = { n ( u >  TI s lu -wl  mi ( u - w )  d u  
- 0 3  

here u i s  the thermal ion speed, and mi i s  the mass of a plasma ion. The 

( 3 9 )  
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, d i r e c t i o n  of t h e  drag f o r c e  i s  a n t i p a r a l l e l  to?. It i s  assumed t h a t  t h e  

d i s t r i b u t i o n  f u n c t i o n  f o r  t he  plasma i s  Maxwell ian i .e  
I *I 

n(u) = n - 1 
G c i  

exp(u2/c:) 

S u b s t i t u t i n g  (40)  i n t o  (39) y i e l d s , f o r  d i r e c t  c o l l i s i o n s  between plasma ions 

and dust  p a r t i c l e s  I 

2 2  exp - (w /ci) F,, = - ni* as 2 mi ci 2 E, w 1  J;; 

I n  the  s t r o n g l y  subsonic case, << 1 we ge t  
i C 

2 F = -247 ni-s .m * c  .w D i i  

I W I n  t h e  s t r o n g l y  supersonic case, - >> 1 we get  
‘i 

2 2 m:w FD = - vn i - s  
1 

( 4 3 )  

( 4 4 )  

b) D i  s t an  t Coul omb drag 

This i s  c a l c u l a t e d  us ing standard c o l l i s i o n  theory w i t h  minimum impact 

parameter = s and maximum impact parameter = h D  t h e  Debye length.  I n  a d d i t i o n  

m >> ni and the  plasma i s  again assumed t o  have Maxwell ian v e l o c i t y  d i s t r i b u t i o n .  i 
The s o l u t i o n  i s  
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F = 2J;;njj'm..a 2 1  - f du ?"J exp - ( u  2 2  / c i )  
j -a u-w I C 1 C 

2 2  4 a +A ( u - w )  D 
a2+s2 ( u - w ) 4  

I n  ( 4 5 )  

i ' where a= qe/m 

Fig. b shows the relative strength of the direct particle d rag  and the 

distant Coulomb drag as  a function of the velocity w in units of ci the ther- 

mal speed for conditions corresponding t o  those i n  the inner plasmaspheres 

of Jupiter and Saturn. As can be seen, when the d u s t  g r a i n  moves a t  

subsonic speed w i t h  respect t o  the rest  frame of the plasma, distant Coulomb 

collisions dominate by fa r ,  and the d rag  forces for b o t h  interactions are 

proportional to w. A t  supersonic speed the drag force due t o  direct  collisions 

increases proportional t o  w+', whereas d r a g  force due t o  distance Coulomb 

coll isions decreases rapidly. 

I t  has been shown by Morfill e t  a l .  (1980a) t h a t  in the strongly 

subsonic case i f  one assumes charge equilibrium, the Coulomb d r a g  force 

can be approximated by 

F, = FD * I  

where 

L 

I =  

with x = (u-v)/ci. S e t t i n g  

two parts and approximated 

= J q  the integral i s  divided i n t o  xO 

by 

\ 
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1 
I .I [' dx 1 xo -4 x 4 + dx 1 I n  ( l+(x /xo)  4 ) 

0 

(47) 

We g e t  

P u t t i n g  < l n ( l + ( x / x o )  4 1  )>% I n  1 
3 XO 

we obta in  f o r  t h e  t y p i c a l  values s = 10 -4 cm 

and A D  = 10 cm 

I % 140 (49) 

i n  o the r  words d i s t a n t  Coulomb c o l l i s i o n s  increase t h e  drag f o r c e  f o r  sub- 

sonic grains,which a re  i n  charge e q u i l i b r i u m  w i t h  t h e  plasma,by a f a c t o r  

-140. This  f a c t o r  i s  i n s e n s i t i v e  t o  parameter changes s ince i t  on ly  depends 

on them l o g a r i t h m i c a l l y .  
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111.6 Mutual collisions 

Mutual collisions among dust particles can lead to grain 

destruction and fragment generation (high velocity collisions) 

or grain growth (low velocity collisions).. By these effects 

dust particles are generated, destroyed or modified inside 

Planetary magnetospheres. Low velocity collisions (relative 

speed ,$ 100 m/s) occur among particles in planetary rings, 

whereas particles having largely different orbits will collide 

at much higher speed. Interplanetary meteoroids will collide 

with particles in orbit about a planet with a typical speed 

of tens km/s. High velocity collisions produce a large number 

of fragment particles which couple differently to the magnetospheric 

environment than their parent particles. In addition high velocity 

collisions provide a source for neutral gas and plasma inside 

magnetospheres. Both effects will be briefly described. 

a) High velocity collisions 

From impact studies we obtain the following empirical rela- 

tionships (see,e.g.,Dohnanyi 1969; Gault and Wedeking 1 9 6 9 )  : 

When a small particle of mass m 

another body, we can get "erosive collisions" if the target 

is sufficiently large with respect to the projectile size, 

or we can get "catastrophic disruption" if the target is too 
small. - .  

and velocity v collides with P 

In erosive collisions the ejected mass is given by 
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where y % 5.10 -l0v2 (v in cm/sec). The largest fragment ejected 

has a mass 

m % 0.1 ym 
L P 

and the size distribution of the ejected grains is 

g(m) = C m-Bdm 

where 8 = 1.8 and C is determined from 

Catastrophic disruption occurs when the target mass is 

less than % 100 ym . Again the size distribution of the frag- 
ments follows a power law distribution (52)with 

B = 1.8 and C determined from 

P 

L .  
m = m g(m) dm 
T o  

(54) 

where mT is the mass of the target particle. The mass of the 

1 
largest fragment is according to Fujiwara et a1.(1977) I 

-1.24 2.24 
P mT mL = 1.66 x 10  E ( 5 5 )  



- 39 - 

where E i s  t h e  k i n e t i c  energy  i n  c.g.s u n i t s  of t h e  p r o j e c t i l e  

wi th  r e s p e c t  t o  t h e  target  p a r t i c l e .  
P 

Most fragment  mass i s  ejected a t  a l o w  speed ( o r d e r  of m/s) 

and o n l y  a v e r y  s m a l l  f r a c t i o n  o f  t h e  fragments  ( %  of  t h e  

t o t a l  mass and o n l y  t h e  smallest p a r t i c l e s  m < m ) w i l l  be  

ejected a t  h i g h  speed (o rde r  o f  km/s) ( c f .  Gaul t  and Hei towi t  

1963) .  

P 

For r e c e n t  a p p l i c a t i o n s  of c o l l i s i o n  theo ry  t o  r i n g  sy -  

s t e m s  see Morf i l l  e t  a l .  (1980b) ,  Burns e t  a l .  (1980) and Grun 

e t  a l .  (1980) f o r  a d i s c u s s i o n  of  t h e  Jov ian  r i n g  and M o r f i l l  

e t  a l .  (1982b) f o r  c o l l i s i o n  e f f e c t s  i n  t h e  S a t u r n i a n  r i n g  

system. M o r f i l l  e t  a l .  (198233) estimate t h a t  t h e  erosion t i m e  

of S a t u r n ' s  r i n g s  i s  only % 5x10 y e a r s .  However, f o r  a l a r g e  

system l i k e  S a t u r n ' s  r i n g s ,  o n l y  a minute  f r a c t i o n  of t h e  

ejecta i s  a c t u a l l y  l o s t  i n t o  t h e  atmosphere o r  i n t o  i n t e r -  

p l a n e t a r y  space .  The res t  i s  r e d i s t r i b u t e d  ove r  t h e  r i n g s  and 

6 

forms a r e g o l i t h  of s e v e r a l  c m  dep th  on cores of l a r g e r  r i n g  

p a r t i c l e s  ( f o r  a more d e t a i l e d  d e s c r i p t i o n  of t h e s e  e f f e c t s ,  

see Durisen,  1983) .  This  p i c t u r e  i s  c o n s i s t e n t  w i t h  t h e  hypo- 

t h e s i s  p u t  forward by Smith e t  a l .  (1982) which s a y s  t h a t  t h e  

i n n e r  S a t u r n i a n  s a t e l l i t e s  ( i n s i d e  abou t  6 R ) have been dis-  

r u p t e d  by impacts  and r e a c c r e t e d  several times s i n c e  t h e  f o r -  

mation of t h e  S a t u r n i a n  system. 

s 

High v e l o c i t y  impacts  produce a l so  vapor  and i o n s  (see,e.g., G a u l t  

e t  a l .  1972, F e c h t i g  e t  a l .  1978, Hornung and Drapatz  1981) .  

A t  impact speeds  o f ,  e .g . ,  v = 30 km/s t h e  vapor mass produced 

roughly e q u a l s  t h e  p r o j e c t i l e  mass (a  f a c t o r  of 1~ 3 h i g h e r  
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accord ing  t o  Gaul t  e t  a l .  1972) and perhaps even h i g h e r  

than  t h a t  i f  one c o n s i d e r s  ice t a r g e t s  accord ing  t o  Lange 

and Ahrens, 1982) .  M o r f i l l  e t  a l .  (1982a) sugges t  t h a t  t h e  

n e u t r a l  gas  emi t t ed  by impact vapor i za t ion  i s  r e s p o n s i b l e  

t o  a l a r g e  p a r t  f o r  t h e  observed n e u t r a l  atmosphere above 

S a t u r n ' s  r i n g s  (Broadfoot e t  a l . ,  1981) .  The r e s i d u a l  i o n i -  
I 

z a t i o n  of t h e  impact genera ted  vapor c loud w i l l  be of t h e  i 
I 

o r d e r  of  a few p e r  c e n t  (Hornung and Drapatz 1981) f o r  mm- , 

s i z e d  p r o j e c t i l e s  and t h e  speed cons idered  above. These 

h i g h l y  t ime-var iab le  impact plasma c louds  i n t e r a c t  w i t h  t h e  

g l a n e t a r y  magnetic f i e l d  af ter  t h e i r  d e n s i t y  i s  s u f f i c i e n t l y  

reduced by expansion. M o r f i l l  and Goertz (1982) propose t h a t  

a c o l l e c t i o n  of such c louds  produced, e .g . ,  by t h e  impact of 

a swarm of i n t e r p l a n e t a r y  meteoroids on to  S a t u r n ' s  r i n g ,  may 

t r i g g e r  t h e  formation of spokes.  I p  (1982) sugges t s  t h a t  i n -  

s i d e  a d i s t a n c e  of  1.625 Rs from Sa tu rn  t h e s e  impact produced 

ions  t e n d  t o  move upward a long  t h e  d i p o l e  f i e l d  l i n e s  u n t i l  they 

are l o s t  i n t o  t h e  ionosphere.  Such a s iphoning mechanism could 

l e a d  t o  a p p r e c i a b l e  loss of r i n g  m a t e r i a l  i n  t h i s  r eg ion .  

Northrop and H i l l  (19831,on t h e  o t h e r  hand, c l a i m  t h a t  t h e  

i n n e r  edge of  t h e  B r i n g  has  been caused by such a p rocess  

( c f .  s e c t i o n  I V .  l b )  . 
During t h e  c r o s s i n g  of S a t u r n ' s  r i n g  p l a n e  t h e  Voyager 

2 plasma wave ins t rument  de t ec t ed  impulsive n o i s e  (Scar f  e t  

a l . ,  1982) which has  been i n t e r p r e t e d  as micron-sized par-  

: 
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ticles hitting the spacecraft and producing charge pulses 

which were recorded by the instrument (Gurnett et al., 1 9 8 3 ) .  

b) Low velocity collisions 

We want to discuss the effects of low velocity collisions 

on the size distribution of E ring particles and estimate the 

time scale for particle growth. We will consider small pertur- 

bations of grain orbits by fluctuations in the plasma drag. 

Other rings or ring systems may be vastly different 

Jupiter's ring, Morfill et al. 1980b, Burns et al. (19801,  

Grun et al. 1980,  where destructive collisions are dominant). 

. 

(e.g. 

The evolution of the size distribution f(s,t) in a spatially 

homogeneous system is given by 

The first integral is a loss term due to collisions of particle 

( 1 )  with any other (which removes it from the size range s, to 

s 1 + dsl) and .. the second integral 'is the growth of particles 

into the size range s1 to s1  + dsl by two body collisions bet- 
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ween particles ( 2 )  and (3). Q is a sticking probability ( <  - 1) 

and < (Aijbv) 2>1/?s the r.m.s. value of the stochastic relative 

velocities between particles i and j. The case of interest for 

us corresponds to a weak perturbing force (the plasma drag on 

micron-sized dust particles in Saturn’s E ring gives time scales 

for momentum exchange -rf 

in contrast to the correlation time of the perturbations T~ 

which is short, i.e. the orbital period ?, days). From Volk et 

al,(1980) we obtain for the case of stochastic gas drag forces 

10 years, see Morfill et al(1982b), 

0 

I 

0.3 km/s (for T /T = lo3, nearly equal-sized 

grains and a stochastic plasma velocity component of 10 km/s). 

This is too small to cause fragmentation of most grains. 

The collision rate between similar size grains is 

2 1 / 2  v = 4,s2 n < (A6v) > ( 5 7 )  

2 with n = ‘ I / 4 n S  h the spatial grain density, ‘I the normal 

optical depth and the scale height h. Hence ( 5 7 )  becomes 
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i . e .  t h e  g r a i n  s i z e  cance ls .  For  t h e  E r i n g ,  w e  u s e  t h e  

numbers of t a b l e  1 (T = h = 1 0  9 t o  10” c m ) .  Then 

-1 t h e  c o l l i s i o n  t i m e  T~~~~ = IJ % 3000 yea r s .  Th i s  i s  also  

t h e  g r a i n  growth t i m e  (doubl ing  t h e  mass) .  O f  cou r se ,  t h e  

va lue  f o r  <(Aav) > 1’2 is  u n c e r t a i n ,  b u t  i t  i s  n o t  a r a p i d l y  

vary ing  f u n c t i o n  of p a r t i c l e  s i z e  or T ( c f .  Volk e t  a l .  

1 9 8 0 ) .  The comparison of t h e  g r a i n  growth t i m e  scale by co- 

a g u l a t i o n  w i t h  loss t i m e  scales (eg.  due t o  s p u t t e r i n g )  w i l l  

be d i scussed  below ( s e c t i o n  on r a d i a l  t r a n s p o r t ) .  

f 
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IV. Kinetic effects 

IV.1 Gravi to-  electrodynamics 
- 

While the motion o f  the plasma ( b o t h  thermal and energetic) within a 

planetary magnetosphere i s  almost totally controlled by electromagnetic 

forces, with planetary gravitation p lay ing  only a very secondary role (e.g., 

causing slow azimuthal d r i f t s ) ,  the motion of the larger bodies such as 

s a t e l l i t e s  i s  overwhelmingly controlled by planetary gravitation, with g rav i -  

tational perturbations by neighbouring sa te l l i t es  playing a secondary role. 

Even for cm and mm sized grains t h a t  populate the rings, the electromagnetic 

effects are negligible compared t o  gravity for  any acceptable values of the 

surface potential (even for those values close to their  f ield emission 

or electrostatic disruption l imits) .  I t  i s  only when we consider grains of 

micron s ize  ( 0 . 1 ~  - 5 p )  t h a t  these two forces can become comparable for 

plausible values of t h e  g r a i n  surface potential. 

The gravitational force i s  given by 

A 
where r i s  the radial unit vector and the Lorentz force i s  

-+ + +  
F, = ( W  x B) 

L L  
(60) 

where q i s  given by ( 1 2 )  and c i s  the speed of l ight.  With IT!] = B0L-3 in the 

magnetic equatorial plane we obtain 

V O W 1  
(61) 

FL 
FG 
- = k s2L 

with the perpendicular ( t o  the magnetic f i e ld )  relative speed of the d u s t  

g r a i n  wL in cm/s, Vo in volts, s i n  cm, L in planetary radii and  the constant 

k. I n  the case of Jupiter i t  i s  

! 
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4 ~ 1 0 - l ~  and i n  that of Saturn i t  i s  5 ~ 1 0 - ' ~ .  For a dust g r a i n  of size 

s = 

a speed wL = 5x10 cm/s and i s  charged t o  a surface potential of Vo = 10 V we 

get 

cm (0.1 Pm) a t  a distance of L = 5 from Jupiter which moves a t  
6 

5 For the values s = 

i n  the Saturnian case 

cm, L = 2 , Vo = 1 O V  and wJ = 10 cm/s we get 

-4 FL/FG = 2.5~10 

The values of FL/FG for  negatively charged grains i n  prograde circular orbits, 

h a v i n g  different sizes and potentials a t  a distance of L = 5 from Saturn 

i s  shown i n  F i g .  7. Clearly, electromagnetic forces are most important for 

submicron-sized grains (0.1 Nrn < s < 0.5 pn)  i n  Saturn's E r i n g  (3.5 < L < 9 ) .  

Closer t o  the planet, i n  the region of the F r i n g  and i n  the spoke region the 

d u s t  particles have t o  be much smaller i n  order t o  be dominated by electro- 

- -  - P -  

magnetic forces, because w1 decreases and the surface potential Vo may be 

strongly reduced. A t  the co-rotation distance ( L  = 1.86), however, FL/FG = 

0 even when the grain i s  charged. 

Any attempt t o  bracket the range of FL/FG for  the application of gravito- 
electrodynamics is  necessarily arbitrary, b u t  the range lo-* t o  10 2 may be 

reasonable. I t  must be noted t h a t  even when FL/.FG ?I lo-', the e lectr ic  force 

on the grains is  s t i l l  many orders o f  magnitude larger t h a n ,  for instance, 

the typical gravitational perturbing force of a nearby satel l i te .  Therefore, 

while the g r a i n  orbit  i s  largely controlled by gravitation, i n  this case 

the perturbations produced by electromagnetic forces are sufficient t o  give 

r i se  to  var ious subtle effects that may be observable. We want now to  s tudy  

the general solution of gravito-electrodynamics and the s tabi l i ty  of orbits, 
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a )  General solution 

The equation of motion of a charged dust g r a i n  in the planet-centered 

inertial  frame i s  given by 

+ 
where F represents forces associated with the collisions w i t h  photons, plasma 

and other grains. 

Within the rigidly co-rotating regions of the planetary magnetospheres , 
where the ring systems are observed, 

where 6 i s  the angular velocity of the planet .  .This i s ,  o f  course, s t r ic t ly  

applicable only when the Debye spheres of neighboring particles do n o t  in- 

tersect,  otherwise the electr ic  f ie lds  o f  neighboring particles will also 

have t o  be included in g. The single-particle approach of gravito-electrody- 

namics needs some essential modifications i n  th is  case. However, a comparison 

o f  the co-rotational electric force ( w h i c h  i s  due t o  the radial polarization 

of the co- ro ta t ing  plasme) with the electric force due t o  neighboring grains 

indicates t h a t  the former i s  orders of magnitude larger in this case, too .  

Consequently i t  i s  possible that t h e  predictions o f  the single-particle gravi- 

to-electrodynamic theory i s  not seriously invalidated in this  case, and may 

a t  least  be correct t o  the f i r s t  order. The main modification i s  a decrease 

in the grain potential in this case. 

In the case of Saturn the magnetic moment and the spin vector are parallel 

(Cgnnerney e t  a l . ,  1982) within the observational uncertainties. 
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I t  is easy t o  show (Mendis e t  a l . ,  1982a; Northrop and H i l l ,  1982a) t h a t  

(63) and (64) admit c i r c u l a r  orbits i n  the equator ia l  plane moving w i t h  

angular veloci ty  wG given by 

. .  . -  

is  the local Kepler angular veloci ty  and w is  the gyrofrequency 
KeP 90 

where w 

Eq.(65)shows t h a t  two d i f f e ren t  motions a re  possible  f o r  a given grain.  

The plus s i g n  i n  f ron t  of the  square root  corresponds t o  d i r e c t  ( o r  prograde) 

motion, while the  negative s i g n  corresponds t o  ind i r ec t  ( o r  re t rograde)  

motion, f o r  a negatively charged g r a i n .  For a pos i t ive ly  charged gra in ,  the 

minus s ign  i n  f r o n t  of the square root  gives a prograde motion while the  

p lus  s igngives  a prograde o r  retrograde motion depending on the value of w 

I f  a charged d u s t  g r a i n ,  moving i n  a c i r c u l a r  o r b i t  i n  the equator ia l  
90' 

plane of the planet  (whose magnetic moment and s p i n  a r e  s t r i c t l y  p a r a l l e l ) ,  

i s  subject  t o  a small perturbation i n  the  plane (e.g., by the grav i ta t iona l  

t u g  of a nearby s a t e l l i t e ) ,  i t  has been shown (Mendis e t  al,, 1982a, Mor i l l  

e t  a l .  , 19C2b) t h a t  the  grain will perform a motion t h a t  can be described as  

an e l l i p t i c a l  gyrat ion about a guiding center  which i s  moving uniformly n 

a c i r c l e  w i t h  the angular velocity g iven  by W;; (Eq.(65)). The gyration f r e -  

. quency, W ,  about the guiding center is g iven  by 
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Also, i f  a and b are the semimajor 

i t  i s  shown t h a t  

a n d  semiminor axes of this  e l l ipse,  

b w 

a 2wG +wgo 
- = -  

with the minor axis aligned i n  the radial direction. 

b )  Stabil i ty of orbits 

(68) 

N o t  a l l  the grain orbits -re stable. Those which are must sa-isfy 

the condition u2 > 0. One can use (651, (671, (S) ,  together with this 

condition, t o  obtain the stable orbits a t  any given distance from the planet. 

The classes of stable and unstable orbits within the rigidly co-rotating 

portion of the Saturnian magnetosphere are exhibited in a general fashion i n  

Fig. 6. Here a ( = w  

variable. a varies from a = 2.5 which corresponds t o  the Saturnian surface 

t o  a = 0.1 which corresponds t o  

chronous 

/ n )  i s  the independent variable and wG i s  the dependent Ke P 

r = 10 Rs. Also  the position of the syn- 

orbit  ( a  = 1 )  and the F-ring (a  = 0.7)  are indicated. 

I t  i s  seen, for instance, t h a t  a t  the distance of the F - r i n g ,  negative 

particles o f  a l l  sizes, from the smallest (co-rotating) particles t o  the 

largest (essentially Keplerian) particles moving in the prograde sensE are 

stably trapped, as expected. Interestingly, there are several other d i s t r i -  

butions of particles too t h a t  can be stably trapped there. One of these is  

a set  of retrograde negative particles, from the largest (Keplerian) Particles 

t o  a moderatly large one moving with angular  velocity ”= -R. There are also 
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th ree  d i s t i n c t  populat ions o f  p o s i t i v e  prograde p a r t i c l e s  and another popu- 

l a t i o n  o f  p o s i t i v e  re t rograde p a r t i c l e s  t h a t  can be s t a b l y  trapped. One s e t  

c o n s i s t  o f  very smal l  ( p o s i t i v e )  p a r t i c l e s  moving s l i g h t l y  f a s t e r  than the 

c o - r o t a t i o n  speed, w h i l e  a second s e t  cons i s t s  o f  very l a r g e  ( p o s i t i v e )  par-  

t i c l e s  moving prograde s l i g h t l y  s lower than t h e  Kepler speed. These a re  

c l e a r l y  t o  be expected. Somewhat l e s s  obvious i s  t h e  ex is tence o f  two s t a b l e  

populat ions o f  l a r g e - t o  moderate-sized ( p o s i t i v e )  p a r t i c l e s  one moving i n  

the  prograde sense, and t h e  other moving i n  the  ret rograde sense. The popu- 
) 

l a t i o n s  of l a rge - to  moderate-sized ( p o s i t i v e )  prograde p a r t i c l e s  between 

curves B and C a re  unstable and a re  excluded. 

Northrop and H i l l  (1982b) have a l s o  s t u d i e d  the  s t a b i l i t y  o f  charged 

g ra ins  i n  the  e q u a t o r i a l  plane o f  Saturn t o  pe r tu rba t i ons  normal t o  t h e  r i  9 

plane. For  a g r a i n  o f  g iven s p e c i f i c  charge t h e r e  i s  a c r i t i c a l  d is tance Rc 

such t h a t  g ra ins  w i t h  r < R c  are unstable.  Northrop and H i l l  (1982b) have 

argued t h a t  t he  prominent change i n  t h e  r i n g  br ightness,  which seems t o  s t a r t  

around 1.63 R 

a t  1.625 R f o r  g ra ins  o f  very l a r g e  s p e c i f i c  charge (q/m). 

sponds s t r i c t l y  t o  "grains" w i t h  i n f i n i t e  s p e c i f i c  charge and i s  t h e r e f o r e  

more approp r ia te  f o r  plasma. This e f f e c t  i s  due t o  t h e  f a c t  t h a t  a long a 

c e r t a i n  d i p o l e  f i e l d  l i n e  the  f o r c e  a c t i n g  on a charged p a r t i c l e  may vary 

may be associated w i t h  t h e  l o c a t i o n  o f  t h i s  s t a b i l i t y  rad ius  S '  
= 1.625 R S  c o r r e -  $ 

as a f u n c t i o n  o f  d is tance and l a t i t u d e .  This  f o r c e  can change from inward- 

p o i n t i n g  as g r a v i t y  i s  the dominant f o r c e  t o  outward-point ing w i t h  c e n t r i -  

f uga l  f o r c e  t a k i n g  over. Fig.  9 shows these two regimes i n  t h e  Saturn ian mag- 

netosphere. I p  (1982) has argued t h a t  t h e  decrease of o p t i c a l  depth, by about 

a f a c t o r  o f  2 near 1.625 RS i s  due t o  t h e  f i e l d - a l i g n e d  s iphoning o f f  o f  

plasma formed i n s i d e  t h i s  rad ius by t h e  c o l l i s i o n  o f  i n t e r p l a n e t a r y  meteoroids 

w i t h  r i n g  p a r t i c l e s ,  whe,reas the c o l l i s i o n  -produced plasma ou ts ide  t h i s  rad ius  

i s  conf ined t o  t h e  equa to r ia l  plane and i s  n o t  l o s t  t o  the Saturn ian ionosphere. 
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Northrop and Hill (1983) pointed out  t h a t  the s tabi l i ty  limit a t  

1.625 RS corresponds t o  highly charged particles which move i n  circular 

orbits i.e. with the local co-rotation speed. However, i f  highly charged 

( i q / m l  & 7.5 Coul/g) particles are launched in the ring plane a t  the lo-  

cal Kepler velocity then the i t  s tabi l i ty  limit is found almost exactly 

a t  the inner edge of the B r i n g  (North.rop and Hill ,  1983). Clusters of 

water molecules possibly created by micrometeoroid impacts onto the ring 

would satisfy this  condition, according to these authors. 

From Fig. 8 i t  i s  clear t n a t  negatively charged, prograde gra ins  out- 

side the synchronous o r b i t  move w i t h  an angular velocity w which i s  larger 

t h a n  the Kepler angular velocity a t  t h a t  distance. Since w depends on G 
and therefore on the grain size s ,  for  a given potential there would be 

grains of a certain size which would move with the same angular speed 

nsat as a s a t e l l i t e  intericr * t o  the grain orbit. This means there i s  an exact 1 : l  

orbit-orbit resonance with such a satel l i te .  Large positively charged grains 

outside the synchronous orbit move w i t h  w which i s  smaller t h a n  uKep. These 

particles could have a 1 : l  resonance with a s a t e l l i t e  outside t h e  g r a i n  o r b i t .  

A similar situtation clearly does not arise i n  the purely gravitational case. 

This magneto-gravitational resonance would, for instance, arise between a 

certain size grain in the F-r ing  and i t s  nearby sa te l l i t es  S27 and 526, de- 

pending on the charge s ta te  of the grains. 

G 

YO 

G 

I t  must be stressed here t h a t ,  unlike a pure gravitational resonance, 

which affects particles of a l l  sizes equally, the magneto-gravitational re- 

sonance picks o u t  a particular grain s i z e  sc for a given potential v,. Of 

course, grains w i t h  sizes close t o  sc (on  ei ther side of i t )  will be strongly 

affected because their  angular velocities will be close t o  t h a t  of the 

perturbing sa t e l l i t e ,  and will thereforeremain i n  the vicinity of t h a t  

s a t e l l i t e  for  long periods of time. If  we consider such a particle with a 
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G' gyration frequency w about a g u i d i n g  center moving w i t h  angular velocity 

i t  can be shown (Mendis e t  al,, 1982a) t h a t  the grain will move in an un-  

dulating orbit  having a wavelength x given by 

where asat i s  the angular velocity of the perturbing sa te l l i t e .  Furthermore, 

as each successive grain of the same size i n  the r i n g  moves over the 

sa t e l l i t e  i t  will be subject t o  the same perturbation and will therefore 

follow the sa  e p a t h  

Consequently, a1 1 the 

with the wave ength x 
been proposed by Mend 

waves observed in the 

s i t s  predecessor i n  the frame c.f the sa te l l i t e .  

grains will move i n  phase t o  form a wavy pattern 

i n  the frame of the perturbing sa te l l i t e .  I t  has 

s e t  a1 . , (1982a) and  Hill and Mendis , (1982b) t h a t  the 

F-ring are formed this  way. However, they require 

t h a t  the d u s t  particles are charged t o  V,, = - 38V. As mentioned ear l ier ,  

collective self-shielding of the clbsely spaced dust Fopulation may rule 

o u t  such lafge potentials. 

Hill and Mendis (1982b) have also shown the existence of another type 

of resonance, which they call "gyro-orbital resonances'' for charged dust 

grains. This i s  due t o  the modulation of the grain potential with the orbital 

period as the g r a i n  moves in and o u t  of the planet's shadow. Consequently,if 

the gyro-period of the grain is i n  resonance w i t h  the grain orbital period, 

the g r a i n  i s  strongly affected by this  effect  and i t s  orbital eccentricity 

grows until i t  is  removed by collisions with neighbouring grains. Hill and  

Mendis (1982b) propose this effect t o  be responsible for clearing small iso- 

lated gaps in Saturn's B ring from h'ighly charged sub-micron-sized dust particles. 
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IV.2 Radial transport 

Radial transport of dust particles can be described in two 

extreme ways: 1 )  large particles, basically on Keplerian orbits, 

which are gradually transported either systematically or stocha- 

stically and 2) small particles, which are electromagnetically 

dominated and are transported systematically or stochastically. 

The method that we use to describe this transport employs a 

"diffusion-convection" formalism. In terms of the integrals of 

motion Ii and their associated cyclic variables ai, this yields 

for the evolution of the distribution function, f, in space and 

time 

('71 1 

dIi 
where 5 is a systematic change in Ii caused by a systematic 

interaction (e.g.)momentum exchange with an ambient medium, i.e. 

particle friction, plasma d r a g ) .  The transport coefficient in 

angled brackets requires knowledge of the power spectrum of 

perturbing forces. We are dealing with "resonant" phenomena, 

i.e. only those frequencies in the perturbations are picked 

out which are multiples of the particle's natural frequencies 

(e. g . orbital frequency , gyrofrequency) . 

From Morfill et al.(1982b) we obtain,e.g.,a systematic radial 

drift velocity due to friction: 
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n 

(1 2aS 

'f KeP 
-, - -  

vr - 

where as is  t h e  semimajo r  a x i s ,  R t h e  p l a n e t a r y  r o t a t i o n  

ra te  and w i s  t h e  l o c a l  Xepler ian angu la r  v e l o c i t y .  The 
KeP 

f r i c t i o n a l  coup l ing  time scale i s  'I 

p a r t i c l e s ,  w e  have t h e  cons t an t s  of motion Ii and t h e  asso-  

c i a t e d  c y c l i c  v a r i a b l e s  g iven  i n  table 3 (Barge e t  a l .  1982, 

I n  t h e  case  of " l a r g e "  f' 

Hassan and Wallis 1982) .  One of t h e  f o u r  i n t e g r a l s  of motion 

i s  redundant.  

a )  The a d i a b a t i c  motion of charged d u s t  q r a i n s  

I n  t h e  case of "small" p a r t i c l e s ,  which are electromagne- 

t i c a l l y  dominated, t h e  i n t e g r a l s  of motion and a s s o c i a t e d  

c y c l i c  v a r i a b l e s  a r e  given i n  Table 4 (see eg. Schulz 1975, 

M o r f i l l  1978) .  The f requencies  a r e  t h e  gyrofrequency ( a s s o c i a t e d  

wi th  I , ) ,  bounce frequency (I2) and l o n g i t u d i n a l  d r i f t  frequency 

(I3) - 
Northrop and H i l l  (1982a) extended t h e  u s u a l  a d i a b a t i c  theory  

of charged p a r t i c l e  motion (see Northrop,  1963) t o  i n c l u d e  t h e  

complicat ion of a v a r i a b l e  g r a i n  cha rge  q ( t ) .  The charge on a 

g r a i n  i s  modulated by v a r i a t i o n s  of t h e  r e l a t i v e  speed between 

t h e  g r a i n  and t h e  plasma and by g r a d i e n t s  i n  t h e  plasma d e n s i t y  

and energy. S ince  t h e  time scale f o r  charg ing  and d i scha rg ing  i s  

f i n i t e ,  i t  i n t r o d u c e s  a phase l a g  i n  t h e  charge wi th  r e s p e c t  

t o  t h e  o r b i t a l  p o s i t i o n  of t h e  g r a i n .  The  a d i a b a t i c  t heo ry  de- 

veloped i s  q u i t e  gene ra l  an,d i s  a p p l i c a b l e  t o  t h e  case when t h e  

magnetic moment and t h e  sp in  v e c t o r  of  t h e  p l a n e t  are a t  any 

a r b i t r a r y  a n g l e .  Converting t h e  equa t ion  of motion t o  t h e  frame 

r o t a t i n g  wi th  t h e  p l a n e t ,  Northrop and H i l l  (1982a) showed t h a t  

t h e  charged g r a i n  may be regarded as moving i n  an  "pseudo-mag- 

n e t i c  f i e l d "  6 given by 
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Integral of motion 

Table 3: Transport of gravitationally dominated dust grains 

Cyclic variable 

" I 

= I2 cos(i) 
2 2  
S Kep I4 = -ma w ./2 

I 

u2 = GM/rz, where ri is the initial particle position 
KeP 
from the planet center e = eccentricity, inclina- 

tion, T = time of pericenter passage, w = elongation P 
of pericenter and& = longitude of ascending node. The 

I 

I 

integrals of motion are: . I1 - action, 12: total angular 
momentum, I ~ :  -component of angular momentum, Id: total 

energy. 

Table 4 :  Transport of electromagnetically dominated grains 

Integral of motion Cyclic variable I 
" 

I1 = pf/2mB 

p 

lar to the magnetic field B, p,, 

ponent, the integral JS ds extends along the field line 

to the mirror points, 4 is the magnetic flux enclosed 

by the drift shell. W is the total (kinetic + potential) 

energy of the particle. The integrals of motion are the 

three adiabatic invariants. 

is the component of particle momentum perpendicu- L + is the parallel com- 
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i 

where <q(t)> is the value of q(t) averaged over a gyrocycle 

0,) I where . V ( 2  r2Q2 - and an equivalent electric field - m 1 

q (t) 
4 is the gravitational potential and r is the axial distance. 

The charge q(t) varies systematically with its gyrophase 
g 

about the guiding center. Consequently the circle in which the 

grain gyrates rocks at the gyrofrequency. Since the variation 

of q ( t )  is rather small, the angle through which the circle 

rocks is also small. The average plane of this circle is per- 

pendicular to the "pseudo-magnetic field" a. 3 

From this it is apparent, as expected, that electrons and 

ions with very small m/q gyrate very nearly in a plane nor- 

mal to 6,  whereas bodies having large m/qo gyrate in a plane 
0 

very nearly normal to a. 

In the intermediate particle size range, only direct orbit 

trajectory integrals can be used for a correct transport des- 

cription. In conjunction with stochastic forces,this is very 

tedious and time consuming, but there seems to be no alter- 

native (Hill and Mendis 1980) .  The two situations involving 
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tedious and time consuming, butthere seems to be no way 

around this (Hill and Mendis 1980). The two situatipns involving 

electromagnetic perturbations, which are amenable to analytical 

Fokker-Planck type analysis are: 1 )  Io-produced "smoke" par- 

ticles, which may escape into.the magnetosphere of Jupiter 

(Johnson et al, 1980, Morfill et al. 1980a, b, c, d), and are 

probably magnetically-dominated, and 2 )  Saturn's E ring (Mor- 

fill et a1.1982b) which is probably gravitationally-dominated. 

.. 
'b) Systematic drift 

Two classes of processes have been considered so far: 

friction with the ambient plasma and radiation pressure drag 

on the one hand (Morfill et a1.1980a, Morfill et alm1982b), and 

systematic charge variations caused by the dust grain motion 

and/or plasma density gradients on the other hand (Northrop 

and Hill 1982a). 

In the case of magnetically dominated particles, one would 

expect systematic charge variations to occur at the particle's 

gyrofrequency. These charge variations can be caused by the 

dust grain's own velocity variation with respect to the ambient 

plasma, or by a radial plasma gradient or a radial gradient in 

the electron energy. 



As shown by Northrop and Hill ( 1 9 8 2 a ) ,  a radial drift mo- 

tion, always directed to the synchronous radius, is set up in 

the former case. The effect is relatively subtle, 

as the authors point out, since it may only amount to a charge 

variation 6q/q E 10 - (i.e. of the order of 1 electron 

charge or even less) per gyroperiod In the Io plasma torus, 

where the plasma density is higher, the effect will be corres- 

pondingly more important. 

-3 

A plasma gradient may lead to a more significant radial 

drift effect. The particle gyroradius is inversely proportio- 

nal to the magnetic field strength ( f o r  constant particle 

velocity), or, 

R L 3  
g -  9 
r ( 7 3 )  

where R is the gyroradius the particle would have at the pla- 

netary surface. The plasma density, in genera1,is described by 
4 

where No is the extrapolated value to the planet's surface. 

The plasma density fluctuation sampled by the dust grain 

during one gyroperiod is 

where R is the planetary radius. Substituting ( 7 3 )  and 

writing R = . E R with E < <  1 ,  gives 
g 
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6n 2 - = 2 m ~ L  n 

For typical values (e.g. in Jupiter's inner magnetosphere) I 
m = -2, E ,= (corresponding 

we get 

2 - 6n = 0.04  L 
n 

to % 0.1  pm dust grains) 

(77) 

i.e.,a few percent. The potential V of the dust particle 

is determined by the balance between plasma electron flux 

and photoelectron flux K (electrons/cm2 sec) , at least in 
sunlight (cf. equations ( 6 )  and (9)) 

2 2 
3 ~ s  n c exp (eVo / Ee) = X s  K e 

Differentiating (78) yields 

edV dn 13, - 
Ee n (79) 

which shows that the surface potential fluctuates with the 

plasma density. The associated charge fluctuation over a 

gyroperiod is then 6 q / q  = 6n/n, i.e.,it is significantly larger 

than the charge fluctuation induced by the dust motion itself. 

As pointed out by Northrop and Hill(1982a), periodic 

charge fluctuations destroy the invariance of the grain's mag- 

netic moment and induce a radial motion. The direction of the 

drift depends on the sign of the plasma density gradient. 

Friction with the a&ient plasma, and radiation pressure drag 

leads to a decay of the pilrticle's gyroradius, as pointed out 

by Morfill et a1,(1980a). This also leads to a decrease in 
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the radial drift induced by electromagnetic forces, both syste- 

matic and stochastic ones. 

In the case of gravitationally dominated particles, 

drag forces have two effects. They circularize the orbits 

(plasma) and in the case of radiation pressure they induce 

large amplitude oscillations due to the daylight - shadow 
variations (Pealet 1966, Burns et al., 1979, Mignard, 1982). 

At the same time the orbital energy of the Particles is changed 

(increased bv the plasma drag outside the synchronous orbit, 

decreased by the radiation pressure drag). As an examnle, we 

demonstrate this with Saturn's E ring. 

the 

In the inner magnetospheres the plasma drag dominates over 

radiation pressure considerably. The associated systematic ra- 

dial drift velocity is, using Saturn's plasma environment (Mor- 

fill et al. 1982b) : 

r 

r 
PS 

- 
Vr(4<L<7.5) = vro p s  

- vr (7.5 cL<9) 9 v;o 

where p is the particle's density (we take p = 1 g/cm3 and 

v 

collisions have been taken into account. If we assume that 

the particle's inclinations are 'not strongly affected by the 

drag forces, we have to solve (in the absence of stochastic 

forces) : 

is a constant - ~ x I O - ' ~  and vco . 4~10-l~. Distant Coulomb ro 

for the simplest scenario, where n is the dust particle spatial 
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density, and T~ is the loss rate due to sputtering. Sputtering 

losses introduce a term a (*In, which we have simplified am dt 
,into a particle l o s s  term, on account of the fact that below 

a certain size the dust particles are essentially invisible. 

where the particle source is at r = r 0 . From (SO) this becomes 

The boundary condition at ro is 

s = v  r lr+ro 

where S (particles/cm2 sec) is the source strength and is pre- 

sumed to be known. Then 

1 
sps r 

ro o 
nzz- 

r S ro v r  
0 

_ .  

From Table 2 we find 

fS(4<L<5) - -  = 1.8 x 10” sec 

~ ~ ( 5 ~ ~ 2 7 . 5 )  = 4.5 x 10 sec 

T (L>7.5) = 6 x 10” sec 

9 

S 

(85) 

(86) 

. .  
1 . .  
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sps ro 3+SP/T v 
Then w e  g e t  n = - (F) ro, and changing t o  L f r / R S  

vroro 
a s  a convenient  no ta t ion ,  w e  o b t a i n  f o r  micron s i z e  g r a i n s :  

J 7.5) 3+5/12 
(- L 

This  i s  a r a t h e r  f l a t  d i s t r i b u t i o n  n o t  compatible wi th  t h e  E-ring 

obse rva t ions  a l though it i s  clear  t h a t  t h e  d e n s i t y  drops  o f f  

f a s t e r  beyond L = 7.5. D i f fus ion  due t o  f l u c t u a t i n g  d rag  

f o r c e s  (e .g .  caused by changes i n  t h e  plasma d e n s i t y )  w i l l  

smear t h i s  d i s t r i b u t i o n  o u t  even f u r t h e r .  However, abso rp t ion  

by t h e  moons Tethys,  Dione and Rhea may p l a y  a r o l e  t o o ,  re- 

ducing t h e  d u s t  p a r t i c l e  d e n s i t y  as t h e  g r a i n s  are convected 

p a s t ,  o u t  of  t h e  Sa turn ian  system. Absorpt ion depends on t h e  

t y p i c a l  t i m e  s c a l e ,  te, between d i s t a n t  encounters  between 

t h e  moon ( o r b i t i n g  

( o r b i t i n g  a t  r a d i u s  1 + By). For  Ay < <  1 ,  w e  g e t  

I 

a t  r a d i u s  y = 1 )  and t h e  r i n g  p a r t i c l e s  

- 

8nR, 3 4 3 / 2  
a t n  

where  R L i s  t h e  r a d i a l  d i s t a n c e  o f  t h e  moon from t h e  p l a n e t  

c e n t e r .  This  must be compared w i t h  t h e  convect ion t i m e  a c r o s s  

.2Ay: 

3 

tC 
(89) 

R L -Ay is  a f e w  s a t e l l i t e  r a d i i ,  denot inq  t h e  "sphere of  i n -  

f l uence"  of t h e  p a r t i c u l a r  moon. 
S 



The a b s o r p t i o n ' b y  t h e  moon is  then given roughly by 

n ( 1  +Avl 

The r a t i o  tc/te i n  t h e  r eg ion  4 < L e 7.5 i s  

-6 . 2 m2 L-7/2 - -  tc - 2 . 2 7 ~ 1 0  RSat cr te 

, 

I 

where m i s  t h e  number of s a t e l l i t e  r a d i i  (RSat i n  km) d e f i n i n g  

t h e  sphere  of in f luence  (m Q, 5 ) .  I n  t h e  r eg ion  L 

i s  a f a c t o r  100  smaller. For Tethys t h i s  y i e l d s  rl z 0.95, 

> 7.5 tc/te 

f o r  Dione w e  o b t a i n  rl 0.97 and f o r  Rhea 0 = 0.18.  

Combining t h e  r e s u l t s  of t h i s  a n a l y s i s  (see a l s o  M o r f i l l  

e t  a1.1982b) w e  o b t a i n  t h e  fol lowing q u a l i t a t i v e  p i c t u r e  (bear ing  

i n  mind t h a t  t h e r e  are l a r g e  u n c e r t a i n t i e s  i n  t h e  s p u t t e r  rates 

and i n  t h e  somewhat a r b i t r a r y  choice f o r  s a t e l l i t e  absorpt ion):  

1 )  d u s t  g r a i n s  are created somehow on t h e  moon Enceladus 

a t L a 4  

2 )  t hey  are t r a n s p o r t e d  outwards mainly by plasma drag.  

3 )  s p u t t e r i n g  and geometr ical  e f f e c t s  l e a d  t o  a slowly de- 

c r e a s i n g  g r a i n  d e n s i t y  (- L-3)  as w e l l  as normal o p t i -  

cal  d e p t h  (Q, L-2). 

4 )  abso rp t ion  by S a t u r n ' s  moons l e a d s  t o  f u r t h e r  g r a i n  re- 

duc t ion .  This  i s  p a r t i c u l a r l y  important  for Rhea, because a t  

L = 8.7 t h e  r a d i a l  d r i f t  due t o  plasma d rag  i s  s m a l l .  
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In principle the optical and trapped particle absorption 

signatures can be understood by invoking these processes. 

C) Stochastic transport 

Two processes leading to stochastic particle transport 

have been described in the literature. For magnetically-domi- 

nated particles, gyrocenter diffusion caused by stochastic 

charge variations is important (Morfill et a1.1980a,d), 

For gravitationally-dominated particles stochastic forces 

lead to a diffusion of the particle orbits,in particular the 

orbital energy (Morfill and Grun 1979a,b, Consolmagno 1980) , 
Barge et a1.1982, Hassan and Wallis 1982, Morfill et a1.1982b). 

Specific processes are magnetic fluctuations, and plasma drag. 

Fig.10 shows the calculated dust particle diffusion coeffi- 

cient for magnetically dominated particles in the Jovian mag- 

netosphere (Morfill et al.1980a) caused by random charge fluc- 

tuations. The plasma model used is indicated in the figure 

(L dependence of density ni and electron energy Eel. The Io 

torus was not specially considered here. The quantity v 2 4  s , 

(v = particle velocity = injection velocity into the corotating 

frame, s = particle radius) was kept as a parameter. 

Fig. 1 1  shows the spatial dependence of Io injected "smoke" 

particles, with v2s4 f lo-', inside the Io radius (Morfill et 

a1.1980d). Losses by sputtering were shown to be relative minor, 

and plasma drag was not considered (the plasma drag would be 

partially cancelled by the plasma gradient induced drift men- 

tioned earlier, so that the net effect would be a slightly 

faster decrease of the particle density towards the planet 

than the value shown in the figure). 
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We will not repeat the derivation of the spatial diffusion co- 

efficient here (see Morfill et a1.1980a). The physical reason 

for the diffusion is the following (c.f. Fig. 12): During a gyration 

about a field line, a dust particle (carrying a surface charge 

ofle.g.,lOOO electrons) undergoes normal statistical charge 

fluctuations on a time scale comparable to the gyro period 

(e.g. f m, in the time At ;  which the particle needs to 
come into charge equilibrium). As a result, the gyroradius fluc- 

tuates statistically, the particle loses knowledge of "its" 

field line and the result is a "gyrocentre diffusion" across 

the magnetic field. 

For gravitationally-dominated particles,short period sto- 

chastic charge fluctuations are only of minor importance, since 

by definition electromagnetic forces are much smaller than 

gravity. (This is even more so the case for perturbing electro- 

magnetic forces, in particular when we consider that resonances 

at the particle orbital period, or a multiple thereof - but 
then with much reduced scatter efficiency -, are required'to 
evoke energy changes and real orbit diffusion). Long period 

fluctuations in particle charge (and hence fluctuating electro- 

magnetic forces) on the time scale of an orbital period may occur 

via long period plasma variations. These plasma variations may 

be caused by solar wind interaction with the magnetosphere, 

. growth and decay of ring currents, nightside plasmasheet 

changes, flux tube interchange instabilities etc. Superimposed 

on the normal stochastic charge fluctuations is then another, 

a lso  stochastic, long period charge fluctuation. Relevant fre- 

quencies are those of the external (solar wind) fluctuation 
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(periodicity % 100 hours, if we consider corotating inter- 

action regions, solar flares, sector boundaries,etc.), the 

plasma azimuthal drift period, the corotation period (% 10  hours) 

and the dynamical changes in the magnetosphere (ring currents, 

substorms etc.) which could be again of the order 100 hours 

(unfortunately very little is known about this for Saturn's 

magnetosphere, and extrapolation from the Earth's magnetosphere 

is certainly not straightforward!). However, this discussion 

shows that one may certainly expect plasma parameter variations 

over the relevant time scales (days): their strength, however, 

is a subject for speculation at this stage. 

/ 

Morfill et aL(1982b) have calculated the diffusion coeffi- 

cient associated with such charge fluctuations. The result is 

where <At> is the mean duration of a different plasma "state" 

(e.g.,higher/lower density), T is the mean period between P 
such "states", and AUJ 

particle gyrofrequency, 

is the induced fluctuation in the dust 
g 

Au = BAq/mc 
9 (93) 

The diffusion time scale 

is then evaluated 
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( 9 5 )  

where Vo is the grain potential in volts, s is the grain ra- 
Cr 

dius in microns, and < E . >  * 1/2  f 6q/q. As an examp1e;in the 
1 

E-ring at L = 6, with < E . >  * 1 1'2 0.1 and Vo = 1 0 0  v@ts mean 
6 surface charge, we obtain T~~~~ z 3x10 

siderably larger than the convection time or the sputter l o s s  

time, so that a pure convection-loss description as the one 

employed earlier seems justified, in spite of the large uncer- 

years. This is con- 

tainties in numerical values. 

V. Observations 

The main emphasis of this review paper has been the detailed 

discussion of the individual effects comprised in dust magneto- 
sphere interactions. Occasional references to observations are 

given in the previous paragraphS.In the following we want to 

summarize observations in the Earth's, Jupiter's and Saturn's 

magnetospheres which are related to dust-magnetosphere inter- 

actions. We should caution that electromagnetic phenomena have 

been indicted in most of these observations because they could 

not easily be interpreted otherwise. Direct observations, e.g., 

of charged dust grains are scarce. In interplanetary space 

the dust experiment on board the Helios spaceprobe detected 

only 4 dust particles carrying a significant charge out of 

more than 2 0 0  observed particles (Grun et al., 1 9 8 3 ) .  A l s o ,  

as will be discussed below, direct observations of charged dust 

grains on the moon have been made (Berg et al., 1 9 7 6 ) .  The next 

opportunity to observe directly charged dust particles will be 

by the dust experiments on board of the Galileo and ISPM space 

probes 



which will perform in situ measurements of dust particles and 

their charges in interplanetary space and in the Jovian mag- 

netosphere. 

Direct measurements of complete orbits of 
- -  

charged dust particles in planetary magnetospheres are not 

possible: therefore their dynamics has to be infered from ob- 

servations of an ensemble of dust grains. Remote sensing of 

dust particles by scattered or absorbed light or by high 

energy particle absorption yields important but limited infor- 

mation on the integral cross-sectional area or the mass den- 

sity of dust particles. Only the combination of remote obser- 

vations of the large scale distribution with in situ measure- 

ments of the dynamical state (mass, velocity and charge) of 

individual particles can support theoretical predictions. There- 

fore some of the observations reported below have been o n l y  

tentatively rel-ated to dust.-magnetosphere interactions. 

V.l Dust in the Earth's magnetosphere 

In situ observations of dust particles near the Earth by 

the HEOS 2 micrometeoroid experiment (Hoffmann et al.l975a,b) 

showed that the impact rate onto the sensor varied strongly 

within the Earth's magnetosphere inside 10 Earths radii (auro- 

ral zones). These short-term enhancements of the particle flux 

have been interpreted by Fechtig et a1 (1979) as fragmentation 

products of fragile large meteoroids in the 10 to 10 6 g mass 

range. These bodies receive a large negative surface charge 

(corresponding to a surface potential of several 100 V) when 

they travel through the auroral zone at about 10 Earth 

radii. This leads to electrostatic fragmentation (refer above) 

if the mechanical structure of the parent meteoroids is loose 

enough, and a "swarm" of small particles is produced. From the 
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o b s e r v e d p a r t i c l e  s w a r m s  t h e  au thors  w e r e  a b l e  t o  estimate t h e  

m a s s  of t h e  p a r e n t  meteoroids  and from t h e  viewing d i r e c t i o n s  

of t h e  sensor  they  could c o r r e l a t e  them wi th  type  I11 fire- 

b a l l s  (Ceplecha and McCrosky 1 9 7 6 ) .  The masses and t h e  f l u x e s  

of t h e  p a r e n t  meteoroids  are i n  agreement wi th  t h e  corresponding 

f i r e b a l l  va lues .  

E l e c t r o s t a t i c  t r a n s p o r t  of l u n a r  s u r f a c e  d u s t  w a s  f i r s t  

sugges ted  by Gold (1955) on t h e  b a s i s  of t h e o r e t i c a l  cons idera-  

t i o n s .  Observat ions1 ev idence  cane from optical obse rva t ions  

of hor izon  glow by t h e  Surveyor s p a c e c r a f t s  t h a t  revea led  

t h a t  d u s t  is e l e v a t e d  s e v e r a l  t ens  of c e n t i m e t e r s  above t h e  l u -  

n a r  s u r f a c e  (Rennilson and C r i s w e l l ,  1 9 7 4 ) .  The a u t h o r s  conclude 

t h a t  s u r f a c e  p a r t i c l e s  are charged up and l e v i t a t e  due t o  i n -  

t e n s e  e l e c t r o s t a t i c  f i e l d s  (% 500 V cm-’) . They b e l i e v e  e l e c t r o -  

s t a t i c  t r a n s p o z t  i s  t h e  dominant l o c a l  t r a n s p o r t  mechanism 

of l u n a r  f i n e s .  I n  s i t u  observa t ion  of l e v i t a t e d  d u s t  on t h e  

l u n a r  s u r f a c e  has  been r epor t ed  by Berg e t  a l .  ( 1 9 7 6 ) .  The 

Lunar Ejecta and Meteo r i t e s  (LEAM) experiment ,  p laced  on t h e  

moon by t h e  Apollo 17 a s t r o n a u t s  recorded  a s t r o n g l y  enhanced 

f l u x  o f  charged d u s t  p a r t i c l e s  around t i m e s  when t h e  termina- 

t o r  p a s s e s  over  Apollo 17 s i t e  (see F ig .  13 f r o m  Berg e t  a l . ,  

1976) .  The t h r e e  s e n s o r s  ( f ac ing  up, t o  t h e  east and t o  t h e  

w e s t )  d e t e c t e d  d i f f e r e n t  impact rates d u r i n g  t h e  t e r m i n a t o r  

c r o s s i n g  and t h e s e  i n d i c a t e  a f l u x  of charged particles d i -  

rected a c r o s s  t h e  t e rmina to r .  A d e t a i l e d  model of t h e  l u n a r  

d u s t  t r a n s p o r t  which t a k e s  i n t o  account  t h e s e  obse rva t ions  has  

n o t  y e t  been developed. 

Dust has  been observed not on ly  i n  t h e  immediate v i c i n i t y  

of t h e  l u n a r  s u r f a c e  b u t  Severny e t  a l .  ( 1 9 7 4 )  r e p o r t e d  t h a t  
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the photometer on board the Lunokhod 2 vehicle measured 

scattered light extending up to the height of at least 

260 meters above the surface. Visual observations of 

streamers and local horizon illuminations by the Apollo 8, 

10, 15 and 17 astronauts before Apollo sunrise give evidence 

of high concentrations of dust up to the altitude of the 

spacecraft (120 km; cf. McCoy and Criswe11,1974). Again the 

physical implications of these observations are not fully 

understood. 

. 

V.2 The Jovian rinq 

Voyager observations of the Jovian ring system have been 

described by Owen et al. (1979), 17ewitt (1982), Jewitt and 

Danielson (1981) and reviewed by Burns et al. (1980,1982). The 

Jovian ring system consists of three components: the bright 

ring, the faint disk and the even more tenuous halo. Many par- 

ticles in the bright ring are micron-sized (Jewitt and Daniel- 

son, 1981, Grun et al. 1980). At a surface potential of 10 V 

(Morfill et al. 1980b) these particles are gravitationally 

dominated and only plasma drag, sputter erosion and mutual 

collisions are important for their dynamical evolution. The 

particles in the faint disk, since they are highly concentrated 

towards the Jovian equatorial plane, must have their motions 

dominated by gravitational forces. Therefore they cannot be 

much smaller than those in the outer bright ring. They are 
c 

probably derived from this outer ring and drawn inward by plasma 

drag and radiation pressure drag (Morfill et al. 1980b, Burns 

et al. 1980). 
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A tenuous ring envelops . the other ring components with a charac- 

teristic dimension of lo4 km, normal to the plane of the bright 

ring. This out-of-plane material forms a broad lenslike halo, 

the outer limit being beyond 1.8 R,J and having a slight north/ 

south asymmetry with respect to the bright ring (Jewitt and 

Danielson 1981). This vertical extent can easily be explained 

by assuming its particles to be quite small ( s  z 0.1 i.i m) 

(Morfill et al.l980b, Consolmagno 1980, GrGn et a1.1980). The 

motion of these particles is strongly influenced by electromag- 

netic effects and the tilted Jovian magnetic field results in 

an out-of-plane force. We may regard these particles as being 

injected locally by collisional fragmentation and erosion of 

ring 2nd disk particles and mirroring in the "pseudo-magnetic 

field" given in equation (70). The average plane of their 

orbit is perpendicular to 3, the axis of which lies between 

the Jovian magnetic dipole axis if and the rotation axis 8. 
Burns et al. (1980) pointed out that the halo seems 

not to be symmetric about the magnetic equator but rather 

about the rotational equator. A l s o  the lenslike shape of the 

halo which has its thinnest dimension near the bright ring 

while it is thickest near the planet is puzzling. To solve 

these questions detailed studies of the evolution of ring, 

. r  

1 

.+ 

-b 

disk and halo particles have to be carried out and improved 

photometric models have to be developed which take spacially 

varying particle sizes into account. 

Johnson et a1.(1979) showed that the volcanic activity 

which was discussed on the Jovian satellite IO does not only 
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lead to the ejection ofcopiousamounts to gas into the Jovian 

magnetosphere, but can also be regarded as a source of small 

dust grains. It was suggested by Johnson et a16(1980) that 

these "smoke" particles are able to leave the satellite if 

their radii are smaller than % 0.1 pm. These particles become 

electrically charged by the ambient plasma and are removed from 

the gravitational field of IO through the influence of the 

Jovian magnetic field which sweeps past Io at a speed of 

L 50 km/s. Morfill et a l .  (1980a) showed that for such small 

particles, and a typical particle surface potential of % 10 

volts, the subsequent motion in the magnetosphere is dominated 

by electromagnetic forces. The particle motion is practically 

adiabatic;i.e. the particles gyrate about their field line, 

corotate and execute bounce motions between their mirror points. 

Their main transport process in the magnetosphere is diffusive, 

the stochastic element in the particle motion is due to random 

charge fluctuations. It has been proposed by Morfill et al. (1980b) 

and Grun et a1 . (1 980) that these sub-micron-sized particles 
produce the visible ring particles by collisions with km-sized 

parent bodies (l'mooms", Burns et a1.1980). However, these sub- 

micron-sized Io particles have not yet been directly observed 

and their existence has to be proven 

Galileo mission. 

1 

by the forthcoming 

V.3 Saturn's rinq system 

Micron- and sub-micron-sized grains have been identified 

in the dens'e A and B rings especially in the spokes region 

and they dominate the populations in the outer F, G and E ring. 
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Dust-magnetosphere interactions may play an important role 

in determining the structure of Saturn's E, G and F ring. 

Plasma drag, sputtering, as well as diffusion of orbits due 

to plasma induced charge fluctuations appear to be important 

for dust particles with radii less than % 10 pm (cf. Morfill 

et al. 1982b). For the E ring these processes may have caused 

the broad extent of the dust.distribution within Saturn's 

magnetosphere (cf. paragraphs on sputtering and radial transport 

for a more specific discussion). Any calculation of a detailed 

E ring profile must take space variable loss of particles into 

account as well as transport and diffusion processes. Because 

of the short lifetimes of dust particles in that region due to 

sputtering and particle transport, an active source for E-ring 

particles is required, which is probably Enceladus. 

During the crossing of the ring plane at a distance of 

2.88 R 

wave experiment of Voyager 2 detected intensive impulsive 

noise (Scarf et a1,1981). This noise has been attributed to 

small micron-sized particles hitting the spacecraft which pro- 

duce charge pulses by impact ionization. Gurnett et al. (1983) 

were able to derive the masses of the dust grains from the ob- 

served signals. The results obtained show that the mass distri- 

bution varies as m-3, and that most of the particles detected 

which is just at the edge of the G ring the plasma S 

- 

had radii  i n  the range from 0 . 3  to 3 )un. The observation of 

micron-sized part ic les  i n  the G ring which are sub- 

ject to dispersive forces, like the E ring particles are, and 

a ring which is nevertheless quite narrow, implies that it is 

either a recent phenomenon (%lo3 years) or it must be confined 

in some way, presumably by 

I 
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shepherding satellites: accordingly it should perhaps have 

a structure resembling that of the F ring. 

The complicated, time variable, narrow structure (braids, 

kinks, multiple strands) of the F ring is heavily influenced 

by the gravitational interaction of the shepherding satellites 

1980S26 and 1980827. It has been proposed by Morfill et alr(1g82b) 

that coherent ring displacements caused by plasma sheet in- 

duced charge variations on the grains are observable in the 

F ring in the form of waves which may subsequently evolve into 

kinks. Mendis et a1,(1982a) and Hill and Mendis (1982b) suggest 

that the wave pattern observed in the F ring originates from a 

magnetic-gravitational resonance between charged dust grains 

of a specific size and a shepherding satellite. Whether these 

effects will work depends on the plasma conditions at the 

F ring and the charge state F ring particles may acquire. 

Purely gravitational interaction has been considered by Sho- 

Walter and Burns (1982) in order to explain the hinks and 

clumps observed by Voyager. However, the observed braiding 

is not understood at all. 

During both Voyager encounters with _ _ _ .  

Saturn, the Planetary Radio Astronomy experiment detected 

strong discrete episodic bursts of radio emission, termed 

Saturn electrostatic discharges (SED, Warwick et al., 1981, 

1982). Although Evans et al. (1982) claim that the source 

for the SED is located in Saturn's B ring no physical pro- 

cess has be'en forwarded to explain the generation of SED 

in the ring. Recently Kaiser et al. (1983) show that SED are 

consistent with an extended lightning storm system in Saturn's 

atmosphere. 
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Micron-sized particles cause the almost radial spokes in 

the B ring. Smith et a1,(1981) noted that spokes appear dark 

in back-scattered light but appear bright against the back- 

ground B ring in forward-scattered illumination, suggesting 

micron-sized particles elevated above the ring plane to be 

responsible for this phenomena. A theory of spokes has to ex- 

plain this and the following observed spoke characteristics 

(Smith et a1,1981, 1982, Porco and Danielson 1982, Grun et aL- 

1982): Spokes have been observed in the B ring between about 

100,000 km to 117,500 km from Saturn's center. They commonly 

appear wedge-shaped, with a vertex at a distance of 112,aO km 

(co-rotation distance). Their width at the base (towards 

Saturn) varies from about 2,000 km to 20,000 km and their 

-, 

radial extension is about 3,000 km to 12,000 km. However, 

narrow (typically 500 km in width) filementary spokes have 

been observed outside a radial distance of 110,000 km mostly 

joined with a wider spoke further in. 

Several narrow spokes were observed during formation 

along radial lines in the sunlit portion of the ring. The for- 

mation time is typically $ 5 min for a 6,000 km long spoke. 

The rate of spoke formation is highest at the morning ansa. 

outside Saturn's shadow. Spokes are nearly radial or tilt away 

from radial in such a way that Keplerian motion will continue 

to tilt them further. From measurements of the angular velo- 

city of spoke edges it was shown that in most cases both spoke 

edges revolve with Keplerian speed. However, a few spokes 

have been found where only one edge revolves with Keplerian 

speed whereas the other edge stays radial and co-rotates with 

I 
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Saturn .  Due t o  t h i s  t h e i r  width increases with t i m e .  Spoke 

a c t i v i t y  v a r i e s  wi th in  t h e  measurement e r r o r s  of + 2 2  min 

wi th  a pe r iod  of S a t u r n ' s  r o t a t i o n  (10 h 39.4 min) .  Severa l  

r e c u r r e n t  spoke p a t t e r n s  have been observed a t  t h a t  per iod .  

Spoke a c t i v i t y  showed a pronounced peak i n  t h e  quadrant  

cen te red  around 115OSLS (Sa turn  long i tude  system, de f ined  

by Desch and Kaiser  1 9 8 1 ) .  

Spokes have been observed a l l  around t h e  i l l umina ted  s i d e  

of t h e  r i n g .  However, they are v i s i b l e  wi th  h i g h e s t  c o n t r a s t  

r e l a t i v e  t o  t h e  underlying B r i n g  a t  t h e  morning ansa.  Br igh t  

spokes were also observed on t h a t  f a c e  of t h e  B r i n g ,  which 

i s  n o t  i l l u m i n a t e d  by t h e  sun ,  b u t  i l l u m i n a t e d  o n l y  by S a t u r n ' s  

s h i n e .  From edge-on views of t h e  r i n g  system an upper l i m i t  

of 80 k m  f o r  t h e  height  of spokes above t h e  r i n g  p lane  i s  

de r ived .  

En t h e  fo l lowing  d iscuss ion  w e  b r i e f l y  mention some of t h e  

t h e o r i e s  on spoke formation which have been advanced and show 

t h e i r  r e l a t i o n  t o  t h e  obse rva t ions .  

Seve ra l  t h e o r i e s  (Gold 1 9 8 0 ,  B a s t i n  1981, Carbary e t  a l .  

1982) propose t h a t  spokes become v i s i b l e  because e longated  

g r a i n s  are a l i g n e d  due  t o  p o l a r i z a t i o n  i n  weak r a d i a l  e lec t r ic  

f i e l d s .  But Weinheimer and Few (1982) have argued a g a i n s t  g r a i n  

al ignment  t h e o r i e s .  They showed t h a t  g r a i n  al ignment  t h e o r i e s  

r e q u i r e  t h a t  g r a i n s  a re  s u f f i c i e n t l y  conducting. However, 

u n l e s s  ice (spoke p a r t i c l e s ,  l i k e  t h e  res t  of t h e  r i n g  par-  
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t i c l e s ,  are most l i k e l y  t o  be  composed o f  H20-ice) becomes 

f e r r o - e l e c t r i c ?  t h e  electric torque  used  t o  a l i g n  ' the  par -  

t i c l e s  is many o r d e r s  of magnitude too s m a l l  w i t h  t h e  elec- 

t r i c  f i e l d s  expec ted  i n  t h e  B ring. Weinheimer and Few (1982) 

b e l i e v e  t h a t  it i s  v e r y  u n l i k e l y  t h a t  t h e  ice would become 

f e r r o - e l e c t r i c  a t  t h e  r i n g  tempera tures .  

Most o t h e r  t h e o r i e s  proposed so f a r  f o r  spoke format ion  

r e q u i r e  charged d u s t  p a r t i c l e s  which are elevated d o v e .  t h e  

r i n g  p l ane .  Thomsen e t  a l . (1982)  i n t e r p r e t  t h e  d e v i a t i o n  of 

t h e  a n g u l a r  v e l o c i t y  of spoke f e a t u r e s  from t h e  Kep le r i an  v a l u e  

as be ing  due t o  t h e  o r b i t a l  speed of  n e g a t i v e l y  charged d u s t  

p a r t i c l e s .  The observed  l a r g e  d e v i a t i o n s  o f  t h e  r a d i a l  edge 

of a c t i v e  spokes ( c f .  Grun e t  a1 1982)  from Kep le r i an  speed  

would be i n d i c a t i v e  i n  t h e i r  model o f  ve ry  h i g h  n e g a t i v e  cha rges  

(lq/ml> 100 Coul/kg) on d u s t  p a r t i c l e s .  

H i l l  and Mendis (1981a, 1982a) d i s c u s s  d u s t  p a r t i c l e  dynamics 

i n  t h e i r  e l e c t r o m a g n e t i c  environment. They c a l c u l a t e  t h e  o r -  

b i t s  o f  d i f f e r e n t - s i z e d  g r a i n s  as t h e y  move around t h e  p l a n e t  

and f i n d  t h a t  h igh  n e g a t i v e  charges  on d u s t  p a r t i c l e s  should  

g i v e  rise t o  f i n e  s t r u c t u r e  i n  wedge-shaped spokes.  They pre-  

d i c t  t h a t  a number o f  a lmost  s t r a i g h t ,  s h a r p ,  " r ibs" ,  should  

r a d i a t e  o u t  from a p o i n t  a t  t h e  c o - r o t a t i o n  d i s t a n c e ,  which 

r evo lve  w i t h  t ime-varying angular  speed.  F i n a l l y  t h e y  show 

t h a t  t h e  rese t t l ing  of t h e  grains on t h e  l a r g e r  b o d i e s  i n  t h e  

r i n g  plane fo l lowing  t h e i r  i n i t i a l  l e v i t a t i o n  r e s u l t s  i n  a 

d i f f e r e n t i a l  t r a n s p o r t  of  g r a i n s  a c r o s s  t h e  r i n g  p l ane .  A 

I 
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I consequence of this is the establishment of different multimo- 

dal size distributions of dust within the spokes at different 

planetocentric distances. All of these detailed predictions 

have not yet been uniquely verified by the observations. 

I 

- _. 

The most comprehensive theories of spoke formation are 

those of Goertz and Morfill (1983) and Morfill et al. ( 1 9 8 2 ~ ) .  

Goertz and Morfill (1983) show that relatively dense plasma 

(n % 100 ~ m - ~ )  is required near the rings in order to generate 

a strong enough surface electric field to lift dust 

particles off the ring. It is unlikely that the average plasma 

density near the rings is large enough to do this. Such a dense 

plasma cloud near the rings will contain slightly negatively 

charged dust which due to the gravitational force drifts re- 

lative to the plasma. This current causes a polarization of 

the plasma cloud and a radial E x - B plasma drift with a speed 

of order of 30 km/s. As long as the drifting plasma is dense 

enough,dust will be elevated which marks the radial trail of 

the plasma. 

The subsequent evolution of such a radially aligned negatively 

charged dust cloud is discussed by Morfill et al. (1982~). The 

discharge of the fine dust by solar UV radiation produces a 
_. . --. 

cloud of electrons, which moves adiabatically in Saturn's 

dipolar magnetic field. The electron cloud is absorbed by 

the ring after one bounce, alters the local ring potential 
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significantly and reduces the local Debye length..As a re- 

sult, more micron-sized dust particles may be elevated above 
the ring plane and the' spoke grows in width. This process 

continues until theelectron cloud has dissipated. 

Both theories (Goertz and Morfill 1983 , Morfill et a1 1 9 8 2 ~ )  

are able to account for the energetics of spoke formation, 

dust levitation off the ring plane, radial alignment of 

young spokes, spoke formation times and the identification 

of structure (filamentary, narrow and extended spokes). 

Open questions in these theories include the origin of 

the dense plasma clouds proposed by Goertz and Morfill (19831, 

and the cause for the periodicity of spoke activity. While 

there is no satisfying explanation for the spoke periodicity 

a number of proposals have been made for the origin of the 

dense plasma clouds. One possibility is meteoroid impacts 

(Morfill and Goertz, 1982, Morfill et al. 1982a); another 

is sputtering of the rings caused by field aligned currents 

of accelerated keV-particles (Morfill '198213). 
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FIGURE CAPTIONS 

Figure 1: Plasma characteristics (density n and electron 

energy Ee) in the inner magnetosphere of Jupiter 

and Saturn. The plasma in the plasmasphere shows 

a systematic trend from high densities/low energies 

close to the planets (small L) to low densities/ 

high energies further away. Especially high densi- 

ties are found in the Io torus and especially low 

plasma densities have been predicted above Saturn's 

A and B-ring. The dashed lines show the corresponding 

Debye length AD and the solid lines give the plasma 

electron fluxes. For comparison the photo electron 

flux from a metal surface is shown at the distances 

of Jupiter and Saturn. 

Figure 2: Phase space density of energetic particles. For curve 

a no sourcesor sink5 are assumed between L 

For curve b a partially absorbing ring of particulates 

has been assumed between L 

signature of the time averaged phase space density 

would be obtained from a satellite orbiting in the 

same distance interval. A time-dependent"micro-signa- 

and L ~ .  
0 

II 

and L3. The same macro- 1 
II 

ture" ,(curve c )  would be observed close to a satellite, 

0r.a clump of ring material. 

Curves of constant T ns as a function of ion. (Ei) and 

electron (E,) thermal energies. For plasma density n 

Figure 3: 
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and g r a i n  r a d i u s  s ( c m )  ,T i s  t h e  t i m e  scale f o r  

charg ing  up i n  seconds (from Johnson e t  a l . ,  1980) .  

I 

F igu re  4: Maximum s u r f a c e  p o t e n t i a l s  for  t h e  e l e c t r o s t a t i c  

d i s r u p t i o n  of d i f f e r e n t  materials which are cha rac t e -  

r i z e d  by t h e i r  t e n s i l e  s t r e n g t h s  Ft. E l e c t r o n  f i e l d  

emission occurs  a t  a surface f i e l d  s t r e n g t h  of 1 0  7 V / c m .  

The l i n e  q = e i n d i c a t e s  d u s t  p a r t i c l e s  c a r r y i n g  only  

one e l e c t r o n i c  charge .  Also shown are t h e  l i m i t s  of 

se- l f -gravi ta t ion between a s m a l l  p a r t i c l e  wi th  r a d i u s  

s 

wi th  t h e  i n d i c a t e d  s u r f a c e  p o t e n t i a l  f o r  two charge 

states (number of e l e c t r o n s  N )  of t h e  s m a l l  p a r t i c l e :  

s i t t i n g  on a large p a r t i c l e  of r a d i u s  so = 1.8 m and 
I.I 

N = 1 and N = 700 V s ( f r e e  space c h a r g e ) .  
OCL 

Figure  5: L e v i t a t i o n a n d  blow-off of  sma l l  p a r t i c l e s  ( r a d i u s  s ) 

from a l a r g e  p a r t i c l e  ( r a d i u s  so). A s u r f a c e  p o t e n t i a l  

V, = 

f o r  t h e  s m a l l  p a r t i c l e :  N = 1 and N = 700 VOsp. The 

Debye l e n g t h  was taken A D  = 10 rn. All s m a l l  p a r t i c l e s  

w i th  r a d i i  l e f t  of t h e  s o l i d  l i n e  w i l l  escape from 

c1 

1 0 v o l t s '  has  been assumed and two charge s ta tes  

t h e  l a r g e  p a r t i c l e .  P a r t i c l e s  wi th  r a d i i  i n  between 

t h e  s o l i d  and t h e  b r o k e n l i n e s  w i l l  l e v i t a t e  and r i g h t  

of  t h e  broken l i n e  w i l l  s t i c k  t o  t h e  s u r f a c e  of the 

l a r g e  p a r t i c l e s .  

F igu re  6 :  P re s su re  exe r t ed  on a d u s t  g r a i n  by magnetospheric 

plasma. The e f fec t  of both direct  c o l l i s i o n s  of 

i o n s  (oxygen+) and Coulomb c o l l i s i o n s  a s  a 

I 
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Figure  

F igu re  

7: 

8: 

func t ion  of r e l a t i v e  v e l o c i t y  ( i n  u n i t s  of t h e  

speed of sound c . )  between plasma and g r a i n .  The 

e l e c t r o s t a t i c  p o t e n t i a l  of t h e  d u s t  p a r t i c l e  w a s  

t aken  Vo = 10 v o l t s .  

1 

The v a r i a t i o n  of FL/FG ( t h e  

t o  t h e  g r a v i t a t i o n a l  f o r c e )  

and d i f f e r e n t  p o t e n t i a l s  Vo 

magnetosphere a t  L = 5.0 (a 

E-ring).  (From Mendis e t  a l . ,  

r a t i o  of t h e  e lec t r ic  

on g r a i n s  of d i f f e r e n t  si 

(Vol t s )  w i th in  t h e  Sa turn  

p o s i t i o n  wi th in  t h e  broad 

1982b). 

The v a r i a t i o n  of  w 
KeP 

marked A , B , C ,  D i n d i c a t e  t h e  va lues  of w when w = 0, 
G 

f o r  va r ious  values  of a .  The shaded r eg ions  a r e  where 

w > 0 and the  unshaded r e g i o n s  a r e  where w < o .  The 

dark  shading corresponds t o  nega t ive  p a r t i c l e s  w h i l e  

t h e  l i g h t  shading cor responds  t o  P o s i t i v e  grains- 

with a (=  w /Q). The curves  
2 

G 

2 2 

. z e s  

i a n  

The l i n e s  marked wG = + R a r e p r e s e n t  l a r g e  p a r t i c l e s  

moving a t  Keplerian speed,  whi le  t h e  dashed l i n e  

marked wG = R r e p r e s e n t s  t h e  c o - r o t a t i n g  ( sma l l )  

p a r t i c l e s .  The v a l u e s  of  a 

correspond t o  t h e  l i m i t  of r i g i d  c o r o t a t i o n  i n  

- 

= 0.1, 0 . 7 ,  1 and 2.5 

. _  

i n  S a t u r n ' s  magnetosphere, t h e  F r i n g ,  t h e  synchronous 

o r b i t ,  and S a t u r n ' s  s u r f a c e ,  r e s p e c t i v e l y .  (From Mendis 

e t  al., 1982a).  

F igu re  9: D i v i s i o n  of  t h e  r o t a t i n g  plasmasphere by t h e  dashed 

cu rves  F = 0 i n t o  t w o  plasma regimes accord ing  
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to the consideration of the balance of the centri- 

fugal and gravitational forces: ( 1 )  the upward siphon 

flow region denoted by the shaded area with equatorial 

distance r - 1.6252  Rs; ( 2 )  the equatorial confinement 

region with r > 1.6252 Rs’ (from Ip 1 9 8 2 )  . 

Figure 10:  Dust particle diffusion in the inner Jovian magnetosphere. 

Diffusion coefficient due to charge fluctuations as 

a function of position in the inner magnetosphere. The 

plasma characteristics (ni, Ee) used to derive this 

result are indicated. The contours are given for diffe- 

rent values of v s (v = particle velocity, in cm/s, 

s = particle radius in cm) and the region of appli- 

cability of the guiding center diffusion theory is 

shown by the hatched lines (from Morfill et al., 

1 9 8 0 a ) .  

2 4  

Figure 11:  Radial dependence of equatorial dust particle density 

inside the orbit of Io. A mass loss rate of 12.8 g/sec 

from Io in the form of submicron sized particles (Q 1 0  

particles/sec) was assumed. Inside the Jovian ring at 

% 1.8 RJ the dust population increases by a factor 

%500 due to erosive collisions with parent bodies 

1 6  

(from Morfill et al. , 1980d). 

Figure 12:  Guiding center diffusion through charge fluctuations. 

Geometry of dust particle motion in the presence of 

charge fluctuations, which leads to guiding centre 

diffusion. xi = distance from the gyrocenter 



(indicated by roman numbers). Sudden 

changes in the charge occur at positions 

1, 2 and 3. 

Figure 13: Number of dust impacts onto the LEAM experi- 

ment per 3-hour period integrated over.22 

days (from Berg et al., 1976). 

lunar 
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